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SUMMARY 


The  purpose  of  this  program  was  to  establish  a  sound  technical  foundation  for  the 
inclusion  of  lightweight  titanium  barrels,  titanium  power  gearing,  and  composite 
boron-aluminum  spar  blades  in  an  advanced  (1970-1975)  V/STOL  propeller  system. 

Several  new  titanium  barrel  concepts  were  designed  and  analyzed.  This  study  has 
led  to  the  recommendation  of  a  titanium  barrel  with  a  spherical  hub  structure  for 
subsequent  fabrication  and  development  testing. 

Endurance  testing  of  titanium  gears  indicated  that  improved  wear  coatings  would 
be  required  in  order  to  demonstrate  a  significant  weight-saving  potential  over 
1975  steel  gearing.  However,  the  diffused  nickel  coating  would  permit  signifi¬ 
cant  weight  reductions  over  current  steel  power  gearing. 

Titanium  gears  were  also  coated  and  evaluated  under  this  program  using  an  ion- 
sputtering  coating  technique.  Limited  testing  of  such  gears  resulted  in  early  scuf¬ 
fing  and  wear  of  the  coating;  however,  the  basic  coating  concept  is  sound  and 
processing  refinements  have  been  defined  that  indicate  potential  for  sputtered- 
coated  titanium  gears. 

The  fabrication  and  testing  of  boron-aluminum  composite  blade  retention  specimens 
proved  to  be  successful  and  have  provided  a  sound  basis  for  the  fabrication  and 
development  testing  of  full-scale  propeller  blades. 
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FOREWORD 


The  preparation  of  this  final  report  concluded  a  9-month  exploratory  program  con¬ 
ducted  by  Hamilton  Standard  under  U.  S.  Army  Aviation  Materiel  Laboratories 
(USAAVLABS)  Contract  DAAJ02-68-C-0079,Task  1G162203D14415.  This  program 
was  an  outgrowth  of  a  previous  contract  with  USAAVLABS  (Contract  DAAJ02-67- 
C-0073)  which  involved  a  feasibility  study  of  "Advanced  V/STOL  Propeller  Tech¬ 
nology"  for  the  1970-1975  time  period. 

The  work  associated  with  this  program  served  to  strengthen  the  technological  back¬ 
ground  for  specific  components  that  had  been  recommended  for  inclusion  in  an  ad¬ 
vanced  V/STOL  propeller  system  as  a  result  of  the  initial  feasibility  study. 

The  program  was  directed  by  Mr.  D.  P.  Currie,  Program  Manager,  under  the 
supei  vision  of  Mr.  A.D.  Croxall,  Chief  Project  Engineer.  Significant  contribu¬ 
tions  in  each  specific  area  of  the  program  were  made  by  the  following  Hamilton 
Standard  technical  personnel! 


Design  Studies: 

Mr. 

R. 

Titanium  Gear  Coating 

Investigation: 

Mr. 

E. 

Borsit^Aluminum  Blade 

Retention  Investigation: 

Mr. 

G. 

Gustafson,  Design  Engineer 

Fahy,  Senior  Experimental  Engineer 

Kutner,  Assistant  Project  Engineer 
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INTRODUCTION 


Under  U.  8.  Army  Av.it ion  Materiel  Laboratories  (USAAVLAB8)  Contract  DAAJ02- 
67  -C-0073,  •  feasibility  study  of  an  advanced  V/STOL  propeller  system  was 
conducted.  The  primary  focus  of  this  study  eras  to  ascertain  what  weight  reduc¬ 
tions  could  be  achieved  for  the  1970-1975  time  period  in  comparison  to  present- 
day  V/STOL  systems.  To  accomplish  this  weight  reduction,  new  concepts  and 
materials  were  used  in  preliminary  designs  of  three  specific  propeller  systems. 

Under  the  present  contract,  four  specific  areas  related  to  this  advanoed  V/STOL 
propeller  system  were  investigated.  The  latdertakfog  of  these  tasks  (listed  below) 
provided  a  logical  follow-on  program  to  the  initial  feasibility  study. 

A  New  Barrel  Concept  Design  and  Analysis  Study  Program 
A  Main  Bearing  Dealgn  and  Analysis  Program 
A  Titanium  Gear  Coating  Optimisation  Program 
A  Boron  Spur  Blade  Retention  D@aign  and  Test  Program 
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TITANIUM  BARREL  DESIGN  STUDIES 


INTRODUCTION 

Under  this  portion  of  the  contract,  detailed  designs  were  conducted  on  two  compo¬ 
nents  of  the  propeller  system.  These  were  the  propeller  barrel  and  the  main  pro¬ 
peller  mount  bearing.  For  a  concrete  forecast  of  barrel  weight  reduction,  de¬ 
tailed  designs  of  several  different  barrel  concepts  were  constructed.  Both  3 -blade 
and  4-blade  barrels  were  investigated  for  each  concept.  The  analysis  and  com¬ 
parison  of  these  barrels  comprise  the  following  section.  The  subsequent  section 
contains  the  main  propeller  mount  bearing  loads  and  analysis  to  verify  the  capacity 
required  to  produce  a  3000-hour  bearing  design.  As  part  of  the  bearing  design,  it 
was  necessary  to  analyze  the  front  housing  to  ensure  compatibility  between  the 
housing  and  the  main  bearing. 

BARREL  DESCRIPTIONS 


A  basic  description  of  the  various  barrel  concepts  analyzed  under  this  program  is 
given  below. 

Spherical  Barrel 

The  spherical  barrel  construction  (see  Figure  1)  is  essentially  made  up  of  two  com¬ 
ponents: 

1.  A  spherical  centerbody. 

2.  Intersecting  cylindrical  barrel  arms. 

Because  the  centerbody  is  spherical  and  the  barrel  arms  are  cylindrical,  the  line  of 
intersection  is  a  circle.  About  this  circle  a  blend  fillet  is  made  to  smooth  the 
transition  from  the  arm  to  the  centerbody.  That  portion  of  the  centerbody  inside 
the  barrel  arm  is  removed.  At  the  end  of  each  barrel  arm  are  the  blade  retention 
areas.  The  front  and  rear  rings  both  intersect  the  centerbody  in  a  circle  making 
the  fillet  blend  constant.  The  tailshaft  is  of  a  larger  radius  than  that  of  the  front 
and  rear  rings,  thereby  intersecting  both  the  centerbody  and  the  barrel  arm  cylin¬ 
ders.  Drawings  of  the  3 -blade  and  4-blade  spherical  barrels  are  shown  in  Figures 
2  and  3. 
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SPHERICAL  CCNTCJttOOV 


MGUEL  CROSS  SECTION 


Figure  1.  Spherical  Barrel  Construction. 


1 — .&s  me 


jtrsxzvA* 


•fesTvucnvr  ••action  trout  tro  xwntv  dcyilophcnt  lot'**- 

0*AN&r%  TO  PtOUSMNO  O*  TOOL'Aj  0«T>*C  *WOO*  *KQ. 

UQtAv.i^m6  re  n»i%  spcc 

P  VTtLb  tll'EVt  AT  ry&  f  IN  At*  PO*  i  HOUt.VOCK  kmo^a.  hot 

*dcbcsco  .oioow  wa  Arret.  4*1^5  *f  u*r,  kaccpt  ■no 

OWCM.  PAIT r  ONlV) 

AH-L  I  b8U.  Typr  r  PC*  HiAA7  f  Tf  Sr  *1*  «S  CL  C 

ftOTM  ALL  A*l*\ 

5-U-HOTCMCD  (H»«N  IMPACT  Ttv  SPtOMCN-lMPACT  TSV  P«  * 

MIL-  T'BOA  7 

♦HOrtHtO  BA*  »Tft{S»  ►o^ru*C  T?>T  b^uMCN  PT  *  nflAfeS 
^SHOOTm  BA*  TtNS'Lt  aPtClH-N  Pf*  'EO-ST  O-lgi  TV  *3 
(StLfCTtO*  09  '-ST  BA*  .OCA TON  SHO*N  ON  7  734  507 
AOf  TOASOiJ 

*-WA1\  Ml  4fa3  'V^C  :  w  'h  ADD'D  *?  dui  *  E  n  E  NTS  AS  FOLLOWS 
COMPcC'eLV  ?lb_AltO  HCChAuCA-  »*OPtRTlf!»  SHALL 

conform  to  *t aw  'Rent hts  o»  hs  acs  type  r  ttcePT 

TOMSK  I  PRO  Pf  *  r  V  «IQUI*W(»T!, 

TO**ilC  »T***OTM  PX«IN- - 14-0.000 

VIIlD  STtrW0TMATOn.ll.O4O  -PSIMl tf- - ISC^OOC 

CLOHGATION  PltCENT  iN  2  «HCt€5- - H»N - »0 

KDUCUON  OT  A*t  A  V  ERCCNT -  M\N - « 

•  Hf  AT  TRtAT  PTR  M'L  H  8'20#  tN  FOtoCO  COND  JO-  34  *c 


Shell  Barrel 


The  shell  barrel  construction  (see  Figure  4)  consists  of  a  curved  surface  projected 
from  one  retention  ring  area  to  another,  making  a  line  drawn  from  a  point  on  one 
ring  to  an  identical  point  on  the  other  ring  a  straight  line.  In  the  area  of  the  front 
and  rear  rings,  these  surfaces  extend  from  between  arms  and  begin  a  transition 
from  a  curved  surface  to  a  flat  surface.  The  front  and  rear  rings  are  mounted 
mostly  on  this  flat  surface,  with  small  portions  intersecting  the  curve.  The  tail- 
shaft  is  larger  in  diameter  than  either  the  front  or  the  rear  ring; and  its  intersec¬ 
tion  with  the  barrel  occurs  almost  exclusively  in  the  curved  surface  area.  Draw¬ 
ings  of  the  3 -blade  and  4-blade  shell  barrels  are  shown  in  Figures  5  and  6. 


Figure  4.  Shell  Barrel  Construction. 
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Figure  6.  4-Blade  Shell  Barrel. 
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Crossed  Tube  Barrel 


Geometrically,  the  4-blade  crossed  tube  barrel  (Figure  7)  can  be  visualized  as 
two  cylinders  passed  through  each  other  at  right  angles  with  all  the  cylinder  walls 
undistrubed.  On  the  end  of  each  barrel  arm  are  the  blade  retention  areas.  The 
front  ring  structure ,  which  provides  a  mount  for  the  actuator  dome  assembly, 
interrupts  the  cylinders  in  their  intersection  area.  This  also  occurs  at  the  rear 
ring  which  provides  support  for  the  translating  actuator  assembly.  The  tails  haft 
can  be  thought  of  as  a  third  cylinder  intersecting  the  other  two  at  right  angles 
(i.e. ,  the  tails  haft  is  symmetrical  about  a  third  axis  of  "Z"  axis  which  is  normal 
to  the  "X"  and  "Y"  axes).  Drawings  of  the  3-blade  and  4-blade  crossed  tube 
barrels  are  shown  in  Figures  8  and  9. 

FABRICATION  CONSIDERATIONS 


Forging 

The  strength  obtainable  from  a  titanium  forging  is  related  to  the  wall  thickness. 
Since  the  forging  strength  is  directly  related  to  the  amount  of  working  during 
forging,  the  thinner  the  wall  the  greater  the  strength.  A  4-blade  barrel  permits 
piercing  of  the  arms  without  requiring  expensive  blocker  dies.  The  shell  end 
spherical  barrels  with  their  open  oenterbody  construction  permit  the  piercing  tool 
to  pass  completely  through  the  arm  into  iw  oenterbody  area,  producing  relatively 
thin  sections.  The  4-blade  crossed  tube  with  its  closed  oenterbody  prevents 
piercing  of  the  arms.  The  front  ring  and  tails  haft -rear  ring  area  can  be  worked, 
but  the  wall  thickness  is  greater  for  the  crossed  tube  than  for  the  shell  or  spher¬ 
ical  barrel.  In  titanium,  bitter  forging  properties  can  be  obtained  for  a  shell  or 
spherical  barrel  than  for  a  crossed  tube  barrel.  A  3-blade  barrel  requires  the 
use  of  expensive  blocker  dies  to  support  and  position  the  forging  while  one  arm  is 
being  pierced. 

Machining 

Two  general  methods  of  machining  the  barrels  will  be  considered:  the  traditional 
method  using  cutting  tools  and  electro  chemical  milling  (ECM). 

The  first  method  to  be  considered  is  the  traditional  method.  The  outer  surface  of 
the  barrel  centerbodies  is  machined  on  a  milling  machine  with  a  tracer  attachment. 
The  final  operation  is  hand  grinding  to  change  the  rough  milling  surface  into  a 
smooth  surface.  The  barrel  tails  haft  outside  and  inside  surfaces  and  the  inside 
diameter*  ot  the  front  and  rear  rings  are  turned  about  the  barrel  centerline.  The 
aft  surface  of  the  rear  ring  is  contour -milled  to  produce  the  reinforcing  ribs 
around  the  holts  that  the  links  pass  through.  The  above  discussion  applies  to  all 
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barrels,  end,  although  the  cents rbodles  do  differ,  the  barrels  can  reasonably  be 
considered  to  be  equal  for  this  phase  of  machining. 

In  completing  the  machining  of  the  spherical  barrel,  the  inner  surfaces  of  each 
arm  are  generated  by  turning  about  the  arm  bore  centerline.  The  inside  at  the 
spherical  barrel  cento rbody  is  produced  by  turning  about  the  barrel  centerline. 

In  the  shell  barrel,  the  inner  surface  of  each  arm  is  made  by  turning  about  the 
arm  bore  centerline.  The  inner  surface  of  the  shell  cente rbody  is  generated 
by  contour -milling  followed  by  hand  grinding  for  the  final  finishing  oper¬ 
ation. 

Each  arm  bore  of  the  crossed  tube  barrel  is  turned  about  its  own  centerline  to  a 
depth  limited  by  the  surface  at  the  crossing  tube  structure  in  the  4-blade  barrel. 

The  remainder  of  the  arm  bore  cavity  is  contour-milled,  followed  by  hand  grinding 
for  finishing  the  milled  and  turned  areas.  In  the  3 -blade  croesed  tube  barrel, 
each  arm  bore  is  completely  finished  by  turning  about  its  own  centerline.  The 
inner  surface  at  the  crossed  tube  barrel  cente  rbody  is  generated  by  contour  ¬ 
milling  end  hand  grinding  to  final  finish. 

The  operations  of  drilling,  tapping,  and  cutting  splines  are  identical  for  all  barrels. 

In  machining  the  three  different  barrels  by  the  traditional  method,  the  spherical 
barrel  is  the  easiest .  followed  by  the  shell  barrel ,  and  then  the  crossed  tube 
barrel. 

When  the  barrels  are  machined  by  ECU,  the  outer  surface  of  the  centerbodiee  can 
be  generated  by  four  passes,  right  and  left  for  the  front  and  rear,  for  each  arm  on 
a  single  pass  each  for  the  front  and  rear  surface,  depending  upon  the  capacity  of  the 
equipment  available.  The  inner  and  outer  surfaces  of  the  tails  haft  and  the  aft 
surface  at  the  rear  ring  are  generated  by  the  same  anodes  for  all  the  barrels.  The 
outer  surfaoe  of  the  cente  rbody,  the  tails  haft, and  the  aft  surface  of  the  rear  ring 
are  of  equal  complexity  for  machining  by  ECM . 

For  the  shell  and  spherical  barrels,the  arm  bores  are  generated  about  the  arm 
centerline  for  each  arm.  The  inner  surfaces  of  the  centerbodiee  are  produced  by 
anodes  Inserted  through  the  front  ring  or  arm  bores. 

The  3-blade  croesed  tube  barrel  arm  bores  can  be  completely  finished  in  ooe  setup 
due  to  the  plate  configuration  of  the  bottom  of  the  arm  bore.  The  4-blade  crossed 
tube  arm  borea  require  multiple  setups  to  complete  the  cylindrical  portion  of  the 
arm  and  then  the  outer  surface  of  the  crossing  cylinder  within  the  arm  bore.  The 
inner  surfaces  of  the  cente  rbody  require  multiple  setups  for  completion  of  the 
surfaces  of  the  c roesing  tubes  and  the  intersections  of  the  crossed  tubes. 
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After  the  completion  of  the  ECM  operations ,  the  barrel  surfaces  requiring  close 
tolerances  are  finished  by  traditional -type  machining.  The  minimum  tolerance 
currently  attainable  with  ECM  equipment  is  ±0.005  inland  any  tolerance  less 
than  this  requires  a  different  type  of  machining.  As  this  condition  applies  to  all 
barrels,  the  close-tolerance  finishing  operations  are  equal  for  all  barrels. 

The  spherical  barrel  is  not  process -limited,  the  shell  barrel  is  somewhat  more 
limited,  and  for  practical  purposes  the  crossed  tube  barrel  is  limited  to  ECM 
processing. 
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DETERMINATION  OF  CYCLIC  LOADS 


In  order  to  evaluate  the  cyclic  loading  at  a  frequency  of  IP  (one  load  cycle  for 
each  revolution  of  the  propeller),  it  ie  neoeeeary  to  establish  certain  aerodynamic 
and  geometric  characteristics  of  the  aircraft  an  which  the  propeller  is  to  be  in¬ 
stalled.  These  characteristics  are  then  used  to  determine  the  IP  excitation  factor 
(EF)*  levels  as  a  function  of  aircraft  weight  and  airspeed. 

Preliminary  pertinent  details  set  forth  in  the  final  report  prepared  under  Contract 


Utility  Tilt-Wing  V/STOL 
2  Engines,  2  Propellers 
2000  shp  S.  L. ,  Standard  Day 
1400  shp/prop  (6000  ft,  95*F) 

1.07 
35  psf 
70  psf 
8.0 

14.8  ft 
1160 
4 

120 
0.40 

4.0 

From  these  data,  It  can  be  deduced  that  at  the  hover  design  point  it*.  -  _ u 

gross  weight  is  approximately  11,300  lb.  From  past  experience  it  was  recognised 
that  the  maximum  operating  gross  weight  could  be  appreciably  higher  than  this, 
that  the  minimum  operating  weight  could  be  appreciably  less,  and  that  the  maxi¬ 
mum  continuous  EF  would  he  reached  at  either  the  high  gross  weight/low  airspeed 
condition  or  the  low  gross  weight/high  airspeed  condition.  Using  the  design  maxi¬ 
mum  EF  of  4.0,  comparisons  were  made  of  the  EF  characteristics  of  three 
existing  tilt-wing  V/STOL  aircraft  designs.  This  comparison  is  presented  in 
Figure  10,  where  EF  is  plotted  versus  equivalent  airspeed  on  a  squared  eoale. 

(It  should  be  noted  that  the  EF  level  at  the  aero  airspeed  intercept  on  these  plots 
is  primarily  a  function  of  the  wing  loading  and  the  slope  of  the  wing  lift  coefficient 


DAAJ02-67-C-0073  are  as  follows: 

Aircraft  Type 
Propulsion 
Engine  Rating 
Hover  Design  Point 
T/GW  Hover 
Disc  Loading  at  Hover 
Wing  Loading 
Wing  Aspect  Ratio 
Prop  Diameter 
100%  Prop  rpm 
Number  of  Blades 
Blade  AF 
Blade  IC, 

Maximum  EF 


•EF  = 
where 
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Aq/409 

angle  of  thrust  axis  to  al  rat  ream  at  the  propeller  disc 

aircraft  equivalent  airspeed  -  kn 

air  stream  dynamic  pressure  -  Ib/eq  ft 
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Fleur*  10.  Excitation  Factor  Diagram  for  Tllt-Wlng  V/STOL  Aircraft. 


curve  ^'4^ J  •  while  the  elope  of  the  EF  plot  is  primarily  a  function  of  the  angle 

of  the  propeller  thrust  line  with  respect  to  the  xero  lift  wing  (f  t).  The  excitation 
factor  is  positive  when  the  thrust  line  is  angled  up  with  respect  to  the  airstream 
and  is  negative  for  s  downward  angle.  With  this  background  information  as  a  guide, 
the  EF  characteristics  for  this  study  were  estimated  and  are  also  shown  in 
Figure  10. 

A  series  of  calculations  was  made  to  determine  the  aerodynamic  IP  (one  load 
cycle  for  each  revolution  of  the  propeller)  shaft  moment  as  a  function  of  EF  and 
airspet  d,and,  using  the  moment/ EF  sensitivities  thus  derived,  the  shaft  moment 
levels  were  calculated  and  are  shown  in  Figure  11.  The  ohaft  moment  repreeents 
only  the  out-of-plane  component  of  the  blade  aerodynamic  moments.  To  deter¬ 
mine  the  maximum  blade  retention  (shank)  moment,  the  blade  responee  moment 
level  and  angle,  including  dynamic  effects  and  operating  blade  angle,  must  be 
considered.  Lacking  a  blade  structural  definition,  calculations  made  an  s  blade 
installed  on  the  XC-142  aircraft  were  used  as  a  guide  in  estimating  shank  moment 
angles  and  dynamic  magnification  as  a  function  of  aerodynamic  shaft  moment. 

The  shank  moments  thus  calculated  are  shown  in  Figure  11.  It  can  he  seen  that 
for  the  EF  characteristics  selected,  a  good  balanoe  is  realised  in  the  shank  mo¬ 
ment  levels  for  the  maximum  EF  cases.  For  clarity  it  should  be  pointed  out  that 
the  sign  convention  used  in  Figure  11  is  baaed  on  the  consideration  that  when  EF 
changes  sign,  the  shaft  moment  as  seen  by  the  shaft  support  reverses  direction; 
whereas  the  shank  moment  as  seen  by  the  retention  does  not  change  direction,  but 
the  point  of  maximum  loading  in  the  propeller  rotational  sweeps  shifts  180  <teg . 

After  the  establishment  of  a  reasonable  appearing  EF  characteristic,  it  is  than 
possible  to  develop  a  more  detailed  description  of  the  aircraft  installation  which 
will  also  generally  fit  the  previously  noted  design  conditions.  Again,  data  from 
existing  aircraft  designs  were  used  as  a  guide  in  establishing  some  of  the  details 
of  the  description.  The  revised  aircraft  description  is  as  follows: 


Wing  Area 

175  ft* 

Wing  Span 

37.5ft2 

Wing  Aspect  Ratio 

8.0 

Slope  of  Wing  Lift  Coefficient 

Curve 

C.095 

Slope  of  Upwash  Curves 

Wing 

0.30 

Fuselage 

0.10 

Nacelle 

0.05 

Thrust  Line  to  Zero  Lift  Line 

Angle 

-4.0  deg 

tft 
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Fl*ur«  11.  Propallar  9iaft  and  Blada  Shank  Momenta  Veraua 


Gross  Weights 


Max  Operating  (Ferry) 

19,000 

lb 

Max  Design 

15,650 

lb 

Basic  Design  and  Maneuver 

Spectrum 

13,800 

lb 

Minimum  Operating 

9,450 

lb 

EF  =  (Gross  Weight/4,400)  -  4.23  (KEAS/348)2 

An  EF  diagram,  based  an  the  above  aircraft  description  and  covering  the  signifi¬ 
cant  operating  gross  weights  and  maneuver  load  factors,  is  shown  in  Figure  12. 
The  EF  characteristics  thnx  have  been  developed  do  not  take  into  account  the 
propeller  slipstream  effect  on  wing  lift.  For  conventional  fixed-wing  transports, 
the  slipstream  effect  on  resultant  EF  is  small.  However,  from  the  aircraft  and 
propeller  definitions  being  used  in  this  study,  it  is  apparent  that  most  of  the  wing 
is  immersed  in  the  propeller  slipstream ,  as  would  be  expected  in  this  type  of  air¬ 
craft.  Under  these  conditions,  the  actual  EF  will  be  reduced  significantly  at  low 
airspeeds  and  high  propeller  thrust  levels.  For  instance,  a  simplified  analysis 
based  on  data  presented  in  NACA  Report  1283  shows  that  at  100  KEAS,  the  tero 
power  EF  of  4  is  reduced  to  3  with  a  power  of  2000  hp  per  prop  at  1160  rpm.  This 
effect  on  EF  decreases  rapidly  as  the  forward  speed  increases  and  the  ratio  of 
slipstream  to  five-stream  velocities  decreases.  A  more  complete  analysis  of 
power  on  EF  was  not  made  since  the  IP  loadings  under  steady-state  operation  do 
not,  in  general,  sise  the  blade  and  propeller  retention  areas  when  the  aircraft  is 
expected  to  he  subjected  to  an  appreciable  amount  of  maneuver  operation. 

In  evaluating  maneuver  loadings,  rsfsrsnce  was  made  to  specifications  MIL-A- 
8661  and  MIL -A -8866,  which  deal  with  aircraft  strength  and  rigidity  design  re¬ 
quirements.  The  previously  adopted  aircraft  description  for  use  in  this  study 
placed  the  aircraft  in  the  utility  category.  MIL -A -8861  calls  for  a  design  maxi¬ 
mum  positive  load  factor  of  4.0  at  the  basic  design  gross  weight  for  utility  air¬ 
craft.  However,  experience  with  the  CL-84  (CARA),  XC-142,  and  VC -400  designs 
shows  that  a  design  load  factor  of  3. 0  has  been  used  for  the  tilt -wing  V/STOL  type 
of  aircraft.  MIL -A -8866  further  describes  utility  aircraft  as  having  a  7 500 -hr 
life,  and  the  aircraft  are  to  he  designed  for  maneuver  spectrum  C.  For  a  design 
load  factor  of  3.0,  maneuver  spectrum  C  would  he: 

Load  Factor  (Nz)  Occurrences/ 1000  hr 


1.35 

10,000 

1.65 

3,000 

1 . 95 

1.000 

2.25 

300 
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Figure  12.  Excitation  Factor  Versus  Airspeed. 
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Load  Factor  (Nz) 


Occurrences /l 000  hr 


2.55 

100 

2.85 

30 

3.15 

10 

3.45 

3 

3.75 

2 

14,445/1000  hr 

This  spectrum  description  is  suitable  for  aircraft  structure  fatigue  evaluation 
where  each  maneuver  is  one  load  cycle ,  the  amplitude  of  which  is  dependent  only 
on  load  factor.  In  order  to  assess  propeller  IP  cyclic  loadings  and  fatigue  dam¬ 
age,  it  is  necessary  to  define  not  only  the  aircraft  load  factor  but  also  the  air- 

speed  at  which  the  maneuver  occurs, 

the  propeller  rpm ,  and  the  duration  of  the 

maneuver.  From  consideration  of  other  aircraft  mission  profiles  and  load  factor 
measurements  on  in-service  aircraft,  it  appears  unlikely  that  maneuvers  of  sig¬ 
nificant  duration  would  occur  every  4  minutes  as  indicated  by  the  above  spectrum. 

In  the  course  of  the  CL-84  (CARA)  design  studies,  a  detailed  assessment  of 
maneuver  loadings  was  made  based  on  the  proposed  mission  profiles.  A  maneu¬ 
ver  was  defined  as  a  90 -deg  turn  or  pullout  which  then  establishes  the  maneuver 
duration  as  a  function  of  load  factor  and  airspeed.  With  this  background  as  a 
guide,  a  maneuver  spectrum  (See  Table  I)  was  developed  for  design  purposes. 


TABLE  I. 

DESIGN  MANEUVER  SPECTRUM 

Load  Factor  (Nz) 

Maneuvers/1000  hr 

150  KEAS 

250  KEAS 

350  KEAS 

1.5 

390' 

2340 

1560 

2.0 

390 

234 

156 

2.5 

30 

18 

12 

3.0 

14 

10 

3.5 

2 

1.5 

4320 

2608 

1739.5 

—  —  -  -  - 

Total  8667.5 

To  complete  the  definition  of  maneuver  conditions ,  an  average  maneuver  gross 
weight  of  13,800  lb,  an  average  rpm  of  85%,  and  a  propeller  design  life  of  7500  hr 
were  assumed. 
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Having  established  the  propeller  load  sensitivities  to  EF,  the  aircraft  EF  charac¬ 
teristics,  the  maneuver  definition,  the  propeller  rpm,  the  propeller  life,  and  the 
load  level  and  cycle  accumulation  were  calculated  for  each  of  the  maneuver  condi¬ 
tions.  The  results  are  presented  in  Table  □.  The  loads  shown  do  not  include  an 
allowance  for  vibratory  excitations  at  frequencies  other  than  IP.  This  is  reason¬ 
able  at  this  stage  of  the  design  analysis,  since  for  the  maneuver  analysis  the  gyro¬ 
scopic  and  gravity  excitations  at  IP,  which  tend  to  subtract  from  the  aerodynamic 
IP  excitation,  have  also  not  been  included. 


f - 

TABLE  n.  IP  CYCLIC  LOADINGS  FOR 

USAAVLABS  PROPELLER  STUDY 

Airspeed 

(KEAS) 

Load 

Factor 

Nz 

EF 

Shaft  Moment 
(in.  -lb) 

Shank  Moment 
(in.  -lb) 

Cycles 

xl0-6 

150 

1.5 

3.92 

108,000 

49,000 

11.92 

2.0 

5.51 

152,000 

69, 000 

0. 593 

2.5 

7.06 

194,500 

88,400 

0.031 

250 

1.5 

2.53 

52,000 

32,900 

11.85 

2.0 

4. 12 

84,500 

53,500 

0.593 

2.5 

5.67 

117,000 

73,  800 

0.03 

3.0 

7.26 

149,500 

94,500 

0.018 

9 . 5 

8.82 

181,500 

114,000 

0.002 

350 

-  .  J 

0.45 

6,050 

6,300 

11.1 

2.0 

2.04 

27,500 

28,600 

0.555 

2.5 

3.59 

47,500 

50,300 

0.0295 

3.0 

5.18 

70,000 

72,500 

0.018 

3.5 

6.74 

91,000 

94,500 

0.0022 

The  next  step  was  to  find  barrel  stress  sensitivities  in  terms  of  ±psi/in.  -lb 
moment  which,  when  applied  to  the  loads  shown  and  reflected  against  the  pro¬ 
jected  fatigue  strength  (S-N  curve)  of  the  barrel  material,  would  result  in  a  cu 


"mulative  fatigue  factor  (  £  of  approximately  0.5.  The  results  of  this  study 

showed  required  sensitivities  of  0.25  psi/in.-lb  of  shaft  moment  for  the  rotating 
propeller  attachment  and  0.55  psi/in.-lb  of  shank  moment  for  the  retention  and 
barrel  areas.  Stated  differently,  the  barrel  design  from  a  fatigue  standpoint 
should  be  capable  of  continuous  operation  at  130,000  in. -lb  shaft  moment  and 
60, 000  in.  -lb  shank  moment.  It  should  also  be  capable  of  handling  transient 
loadings  up  to  194,500  in.  -lb  shaft  moment  and  114,000  in.  -lb  shank  moment. 


Although  past  experience  has  indicated  that  propeller  loadings  during  VTOL  tran¬ 
sition  do  not  size  the  propeller  structure ,  calculations  of  IP  aerodynamic  shaft 
moments  were  made  for  the  propeller  defined  for  this  study.  The  wing  angle 
versus  airspeed  schedule  used  is  the  landing  transition  schedule  for  the  XC-142 
aircraft. 

The  results  of  these  calculations  are  presented  in  Figure  13 .  Note  that  the  peak 
moment  level  is  less  than  that  of  some  of  the  steady-state  operating  conditions 
examined  previously. 

One  of  the  sizing  criteria  set  forth  in  the  final  report  prepared  under  Contract 
DAAJ02-67-C-0073  was  an  EF  of  4.  0  plus  25%  for  higher  order  aerodynamic  ex¬ 
citations.  Using  the  loading  sensitivities  derived  in  this  study,  the  resultant  total 
moments  for  this  condition  would  be  134,000  in. -lb  at  the  shaft  and  62,500  in. -lb 
at  the  shank.  The  2P  frequency  would  constitute  a  major  portion  of  the  higher 
order  excitation.  Since  with  a  4 -blade  propeller  the  2P  frequency  has  no  reaction 
on  the  shaft ,  it  is  overly  conservative  to  add  25%  for  higher  orders  to  the  IP  shaft 
loading.  Therefore,  the  continuous  capacity  of  130,000  in.  -lb  derived  from  the 
maneuver  spectrum  analysis  should  be  adequate  for  purposes  of  propeller  attach¬ 
ment  design.  The  design  continuous  shank  loading  will  be  62,500  in.  -lb,  including 
higher  order  loadings. 

In  summary,  the  vibratory  loadings  to  be  used  in  the  r  ller  barrel  design  are : 

Continuous  Maximum 

Shaft  Moment  130, 000  in. -lb  194, 500  in. -lb 

Shank  Moment  62,500  in. -lb  114,000  in. -lb 

The  previous  discussion  has  been  limited  to  the  determination  of  cyclic  loadings. 

In  order  to  complete  the  barrel-loading  picture,  it  is  necessary  to  assess  the  con¬ 
ditions  at  which  the  cyclic  loadings  occur  and  to  determine  the  steady-state  loads 
that  correlate  with  them . 

Based  on  the  use  of  a  boron-aluminum  spar-fiberglass  shell  blade ,  the  blade 
centrifugal  load  is  43,000  lb  at  1160  prpm. 

The  continuous  shank  moment  of  62,500  in. -lb  was  based  on  a  150-kn  climb  condi¬ 
tion.  At  this  condition,  the  steady  bending  moment  generated  in  the  blade  shank  is 
35,000  in. -lb.  The  maximum  IP  moment  of  114,000  in. -lb  occurs  at  250  kn  3.5  g 
maneuver  condition  (Table  II).  Using  the  blade  data  generated  under  Contract 
DAAJ02-67-C-0073,  the  steady  bending  moment  was  assessed  for  this  condition 
to  be  18,000  in.  -lb. 
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Figure  13.  Propeller  Shaft  Moment  and  Wing  Angle  Versus  Airspeed. 
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The  following  is  a  summary  of  the  two  loading  cases  (Case  1,  Climb,  and  Case  2, 
Cruise  with  3. 5  g  maneuver)  studied  for  the  3-blade  and  4-blade  barrels: 


4 -Blade  Barrels 

Case  1 

Case  2 

Centrifugal  Load  (lb) 

45,000 

45,000 

Steady  Bending  Moment  (in.  -lb) 

35,000 

18,000 

IP  Vibratory  Moment  (in. -lb) 

65, 000 

114,000 

The  3 -blade  barrel  loadings  were  generated  by  using  the  same  total  solidity  pro¬ 
peller  as  for  the  4-blade  barrel  loadings .  This  has  the  effect  of  increasing  the 
aerodynamic  loads  by  a  factor  of  4/3  per  blade.  The  centrifugal  load  per  blade 
for  the  3 -blade  barrel  loadings  was  estimated  to  be  62,000  lb. 

A  comparison  of  the  two  loading  cases  used  in  the  3-blade  barrel  analysis  is 
given  below: 


3 -Blade  Barrels 

Case  1 

Case  2 

Centrifugal  Load  (lb) 

62,000 

62,000 

Steady  Bending  Moment  (in.  -lb) 

46,700 

24,000 

IP  Vibratory  Moment  (in.  -lb) 

86,700 

152,000 
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RETENTION  AND  TAILS  HA  FT  ANALYSIS 


Barrel  -  General 

The  barrel,  which  is  manufactured  from  a  one-piece  titanium  forging,  is  com¬ 
posed  of  three  major  structural  elements:  retention,  hub,  and  tailshaft. 

The  optimization  of  a  barrel  requires  an  integrated  design  of  the  barrel  and  all 
items  that  introduce  loads  into,  or  remove  loads  from,  the  barrel.  This  requires 
designing  the  blade  butt  area,  actuator,  actuator-blade  coupling  device,  bearing, 
and  barrel  tailshaft-planet  carrier  interface  for  each  type  of  barrel. 

The  basis  for  comparison  'ias  placed  restrictions  on  both  the  shell  and  the  spher¬ 
ical  barrel  concepts.  Those  restrictions  tend  to  favor  the  design  of  a  crossed 
tube  concept.  Each  condition  affects  the  barrels  in  different  ways;  these  effects 
are  discussed  below. 

1.  A  Common  Actuator 

The  actuator  conceived  under  USAAVLABS  Contract  DAAJ02-67-C-0073 
was  for  use  with  the  crossed  tube  barrel  concept,  with  its  diameter 
being  determined  by  the  largest  size  access  hole  that  would  not  Interrupt 
the  cross  cylinder  intersections.  With  the  selection  of  this  diameter, 
the  two  actuator  supports  were  an  inherent  part  of  the  barrel  structure . 
The  shell  and  spherical  barrel  designs  do  not  restrict  the  use  of  a 
larger  diameter  front  or  rear  ring  structure.  For  these  two  barrel 
concepts,  a  separate,  lighter  part  could  be  inserted  in  place  of  the  rear 
plate  with  an  increased  rear  ring  etructure  in  order  to  retain  the  barrel 
stiffness .  This  use  of  the  actuator  has  penalized  the  shell  and  cross 
tube  barrel. 

2 .  Links 

For  the  crossed  tube  barrel  concept ,  the  use  of  links  as  a  means  of 
pitch  change  was  obvious. 

For  a  cyclic  pitch  propeller  system ,  the  use  of  links  would  be  desirable 
independent  of  the  barrel  concept;  but  for  a  noncyclic  pitch  propeller, 
the  use  of  a  linkage  system  in  a  shell  or  spherical-type  barrel  can  be 
questioned. 

The  use  of  a  Scotch  yoke  actuator  concept  for  both  the  shell  and  the 
spherical  barrel  would  allow  the  reduction  of  the  radial  distance  from 
the  propeller  centerline  to  the  plane  of  the  ball  retention.  This  would 
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reduce  the  weight  of  the  two  4 -bla.de  barrela  by  approximately  1. 7  lb  but 
would  add  approximately  0.8  lb  to  the  total  blade  weight. 

The  deflection  limit  of  0.008  in.  waa  based  on  the  design  of  the  spher¬ 
ical  barrel  and  produced  a  gross  barrel  spring  rate  out-of-plane  of 
approximately  200  million  Ib/in.  This  in  effect  has  penalized  the 
crossed  tube  barrel  design,  since  neither  the  0.008  in  .-deflection  nor 
a  stress  limit  could  be  reached  without  thinning  the  crossed  tube  walls 
to  thicknesses  that  appear  to  be  beyond  the  scope  of  present  manufac¬ 
turing  capability.  Ignoring  this  limitation,  a  deflection  match  between 
the  centerbody  and  the  front  ring  can  be  made  which  would  yield  a  0. 045- 
in.  tube  wall  with  a  90:10  load  split.  This  theoretical  wall  thickness 
would  reduce  the  weight  by  3.96  lb. 

The  actuator  loadings  have  a  large  effect  on  the  barrel  concepts.  None 
of  the  barrel  front  rings  was  stress-  or  deflection -limited  because  the 
added  material  was  required  for  the  attachment  of  the  actuators.  This 
influence  will  decrease  for  larger  diameter,  higher  power  propeller 
systems. 

Retention 

The  function  of  the  retention  is  to  hold  the  blade  to  the  barrel  while  permitting  the 
pitch  change  mechanism  to  rotate  the  blade  about  its  own  centerline  with  minimal 
friction.  The  retention  also  transfers  forces  between  the  blade  and  the  barrel 
centerbody.  Steel  inserts  are  used  in  the  barrel  arms  to  provide  a  much  higher 
Hertz  stress  allowable,  thereby  reducing  the  pitch  diameter  of  the  retention  over 
that  needed  for  a  titanium  retention.  Also,  rework  of  the  4-point  retention  with 
integral  races  would  require  the  insertion  of  larger  rolling  elements ,  thereby 
creating  interchangeability  problems. 

Outboard  of  the  blade  retention  races ,  boron  epoxy  is  wrapped  around  the  barrel 
arm  as  a  stiffener  to  minimize  the  radial  deflection  from  the  imposed  hoop  loading. 

Centerbody 

The  centerbody  reacts  all  retention  loads  in  the  plane  of  rotation  and  acts  as  a 
transfer  device  between  the  retention  and  the  barrel  tailshaft  for  all  loads  not  in 
the  plane  of  rotation.  The  centerbody  is  also  the  reaction  area  for  the  pitch 
change  mechanism  and  serves  as  the  container  for  the  lubricating  oil. 
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Tailahaft 


The  barrel  tailahaft  is  the  primary  structure  for  transferring  forces  between  the 
propeller  and  the  airframe.  The  tail  shaft  of  the  barrel  extends  into  the  gearbox 
and  ia  directly  driven  throvh  a  aplined  Joint  by  the  gear  reduction  planet  carrier. 
The  tailahaft  is  mounted  in  a  barrel  retention  bearing  such  that  all  forces  not  in 
the  plane  of  rotation  are  reacted  by  the  tailahaft  through  the  retaining  bearing  into 
the  airframe. 

The  load  carried  by  the  tailahaft  is  independent  of  the  barrel  centerbody  shape; 
therefore,  a  common  tailahaft  was  used  for  all  the  barrels. 

The  forces  transferred  by  the  barrel  tailahaft  between  the  barrel  and  the  bearing 
are  the  propeller  thrust  and  moment  forces.  Propeller  torque  is  transmitted 
directly  from  the  planet  currier  into  the  tailahaft.  The  propeller  retention  bear¬ 
ing  is  a  duplex  tapered  roller  pair  making  a  50 -deg  angle  with  the  propeller  center- 
line.  Figure  14a  is  a  schematic  representation  of  the  barrel,  bearing,  and  forces 
acting  on  the  system. 


The  thrust  force  is  reacted  entirely  in  the  aft  bearing,  Figure  14b.  As  the  thrust  is 
an  axial  type  of  force,  che  bearing  reaction  is  uniformly  distributed  around  the 
tailahaft.  The  angle  of  the  bearing  relative  to  the  tailahaft  causes  the  tailshaft  to 
see  a  uniform  axial  force  for  its  entire  length  and  also  to  have  a  uniform  external 
pressure  load  around  the  outside  of  the  tailshaft  under  the  aft  bearing. 

The  moment  is  reacted  across  both  bearings  as  shown  in  Figure  14c.  The  forces 
on  the  aft  bearing  due  to  the  moment  act  in  the  same  direction  as  the  thrust  reac¬ 
tion  forces.  The  axial  component  of  moment  reaction  force  of  the  forward 
bearing  is  opposite  to  the  axial  component  of  the  aft  bearing,  while  the  radial  com¬ 
ponent  is  an  external  pressure  force.  Past  experience  has  shown  that  the  bearing 
reaction  forces  due  to  moments  can  be  closely  duplicated  by  a  mathematical  model 
of  a  cosine  distribution  over  one-half  of  the  bearing  surface. 

In  addition  to  the  above  forces ,  it  is  common  practice  to  assume  a  gyroscopic  mo¬ 
ment,  with  an  angular  velocity  of  0. 1  rad/sec, to  act  continuously  and  in  phase  with 
the  IP  shaft  moment.  The  stresses  used  to  determine  the  margin  of  safety  are 
thrust  for  the  steady  stress  and  IP  plus  gyroscopic  moments  for  the  vibratory 
stress . 

One  other  type  of  loading  is  investigated  during  a  tailshaft  analysis.  This  load 
condition  is  called  the  maximum  static  case  and  is  treated  as  an  ultimate  load. 

The  gyroscopic  moment  is  produced  by  an  angular  velocity  of  2. 5  rad/sec.  The 
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Figure  14.  Schematic  Representation  of  Barrel  Loads. 
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itwm  doe  to  thrust,  IP  shaft  moment,  and  gyroscopic  moment  are  earn  mod 
and  compared  to  the  tensile  yield  strength.  The  stresses  most  be  less  than  the 
yield  allowable. 

The  tailshaft  was  analysed  as  a  shell  of  revolution  (Figure  15  shows  the  cross 
section  and  applied  loads  used  in  the  program).  At  the  aft  end  of  the  tailshaft,  the 
barrel  retaining  bearing  inner  races  are  pressed  on  the  outside,  the  planet  carrier 
is  pressed  on  the  inside,  and  the  entire  assembly  is  preloaded  by  a  nut.  This 
creates,  in  effect,  a  much  thicker  section  for  the  tailshaft  end. 

Table  in  summarises  the  maximum  stresses  in  each  part  of  the  tailshaft  for  both 
loading  cases.  These  stresses  are  then  compared  with  a  Goodman  diagram  for 
infinite  life,  where  the  margin  of  safety  can  be  established. 

The  same  two  cases  are  then  rerun  with  the  inclusion  of  the  2.5-rad/sec  angular 
velocity.  These  resultant  total  stresses  are  compared  to  the  y.eld  allowable. 
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Figure  15.  Barrel  Tailshaft  Cross  Section. 
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TABLE  IB.  TAILSHAFT  STRESS  SUMMARY 
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Retention 


Present -type  retentions  rely  upon  the  centrifugal  load  from  the  blade  weight  to 
preload  the  retention  such  that  the  aerodynamic  moments  will  not  unload  any  of  the 
balls  In  the  blade  retention  races  (Figure  16)  In  the  past,  the  retention  diameter 
required  for  proper  stress  levels  for  the  combined  aerodynamic  and  centrifugal 
loads  has  been  larger  than  the  retention  diameter  required  to  prevent  unloading. 


Figure  16.  Present-Type  Retention. 
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The  advent  of  composite  materials  for  the  blade  structures  requires  a  change  to 
the  presently  established  retention  concepts. 

The  composite  material  blade's  light  weight  presents  a  situation  where  the  cen¬ 
trifugal  force  is  no  longer  great  enough  to  serve  as  the  preload  force  to  prevent 
unloading  while  maintaining  a  reasonable  retention  diameter.  Therefore,  a  new  type 
of  retention  concept  is  needed.  Many  types  of  retentions  were  considered.  Fig¬ 
ures  17  and  18  illustrate  the  various  concepts  used.  From  all  of  these  concepts, 
two  were  chosen  as  being  the  most  promising:  the  crossed  roller  retention  and 
the  4 -point  contact  or  Gothic  arch  ball  bearing  retention. 

The  retention  chosen  for  the  4 -blade  propeller  was  0.62S-in.  -diameter  halls  with  a 
7.405-in.  pitch  diameter.  The  3-blade  propeller  retention  was  0.625-in.  -diameter 
balls  with  a  0. 003-in.  pitch  diameter.  U  the  retention  had  not  been  designed  to 
prevent  unloading,  then  the  4 -blade  retention  would  have  an  11. 600 -in.  pitch  diam¬ 
eter  and  the  3-blade  retention  would  have  an  11.000-in  pitch  diameter  for  a 
0. 625-in.  -diameter  ball. 

Crossed  i!ollers 


The  rollers  used  in  this  design  are  a  few  thousandths  of  an  inch  shorter  in 
length  than  their  diameter  in  order  to  maintain  rolling  contact  without  any  end 
loadir*  of  the  rollers.  The  basic  arrangement  is  to  have  adjacent  rollers 
"crossed",  that  is.  with  the  rolling  diameter  of  one  roller  at  90  deg  to  the 
rolling  diameter  of  the  adjacent  roller.  This  arrangement  can  be  varied  as 
required  by  the  relative  magnitude  of  centrifugal  plus  aerodynamic  loads  to 
centrifugal  minus  aerodynamic  loads.  Thus,  one  configuration  could  be  two 

rollers  In  the  direction  of  load  addition  to  ooe  roller  in  the  opposite  direc¬ 
tion;  another  configuration  could  be  a  3:1  roller  ratio,  etc. 

In  rder  to  describe  the  action  of  the  crossed  roller  retention,  assume  a  1:1 
roller  ratio  with  the  bearing  composed  of  rollers  No.  !  reacting  forces  in 
the  direction  of  load  addition  and  rollers  No.  2  reacting  forces  in  the  direc¬ 
tion  of  load  subtraction  (Figure  17).  If  the  aerodynamic  forces  are  aero, 
rollers  No.  1  take  the  total  load  and  all  values  of  F(l)  are  e<pial.  As  the 
moment,  M,  increases,  the  left  portion  of  rollers  No.  1  carries  an  increas¬ 
ing  force,  while  the  right  portion  carries  a  decreasing  force;  thus,  F(1H)  left 
increases  as  F(1H)  right  decreases,  producing  a  tendency  for  the  blade  to 
shift  to  the  right.  As  the  blade  attempts  to  shift,  rollers  No.  2  pick  up  load 
until  F(2H)  right  plus  F(1H)  right  equals  F(1H)  left.  As  M  continues  to  in¬ 
crease,  the  above  action  is  continued  until  F(1H)  right  is  zero  and  the  net 
force  is  now  carried  by  rollers  No.  2  exclusively  on  the  right  portion  of  the 
retention.  Now,  If  the  centrifugal  load  is  made  zero,  the  only  change  would 
be  that  F(1  )=  F(2).  Thus,  the  retention  is  capable  of  proper  operation 
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without  using  centrifugal  force  as  a  pre loading  device,  and  stresses  are  the 
only  determining  factor  in  establishing  the  retention  size. 

The  advantage  of  the  crossed  roller  retention  is  the  ability  to  vary  the  roller 
ratio  to  get  the  optimum  use  of  the  rollers  in  both  load  directions  and  the 
increase  in  contact  area  of  roller  with  the  race,  allowing  a  greater  load  per 
roller  than  lor  a  ball  of  the  same  diameter. 

The  disadvantage  of  the  crossed  roller  retention  is  the  necessity  to  use  a 
constant  contact  angle  and  the  assembly  problem  of  installing  the  rollers  in 
the  proper  sequence.  Inspection  of  the  crossed  roller  bearing  installation 
also  presents  some  problems.  Both  the  assembly  and  Inspection  problems 
are  a  function  of  the  manner  in  which  the  retention  is  assembled. 

Gothic  Arch 


A  Gothic  arch  ball  bearing  la  a  duplex  angular  contact  bearing  built  into  a 
common  race.  The  groove  in  the  race  is  generated  from  two  centers  so  that 
the  two  radii  cross  and  do  not  converge  at  the  center  of  the  groove.  A  slight 
clearance  is  provided  between  the  ball  and  the  race  groove  to  facilitate  as¬ 
sembly. 

As  with  any  angular  contact  ball  bearing,  the  contact  angle  increases  as  the 
load  Increases  <  figure  l&a).  Assume,  for  an  Initial  load  case,  that  cen¬ 
trifugal  force  is  the  only  load  present;  then  every  ball  will  have  the  same 
contact  angle  and  the  bearing  will  be  in  complete  equilibrium.  As  the  aerody¬ 
namic  force  increases,  the  load  and  contact  angle  in  the  left  portion  of  the 
retention  increase  while  the  opposite  action  is  occurring  in  the  right  por¬ 
tion.  As  this  action  continues,  the  right  portion  goes  to  zero  load,  and  the 
ball  is  at  the  no-load  or  initial  contact  angle  with  the  upper  part  of  the  race 
and  also  begins  to  contact  the  lower  part  of  the  race.  Any  further  increases 
in  aerodynamic  moment  cause  the  load  to  be  picked  up  by  the  lower  part  of 
the  race.  If  it  Is  now  assumed  that  centrifugal  load  is  zero,  the  ouly  change 
required  is  a  change  in  the  magnitude  of  the  force  and  the  contact  angle  of  the 
balls  contacting  the  lower  race.  Therefore,  the  retention  is  capable  of 
proper  operation  without  requiring  centrifugal  force  for  a  preload,  and  the 
only  factor  determining  retention  size  is  the  stress  limitations. 

If  the  radius  were  common  to  both  sides  of  the  groove  (a  semicircular  race), 
the  ball  could  not  contact  both  sides  of  the  gr  oove  at  the  same  time.  The 
ball  would  have  to  be  completely  unloaded  from  the  initial,  or  zero  load, 
contact  angle  of  one  side  of  the  groove  to  the  corresponding  point  on  the  other 
side  of  the  groove.  Figure  18b  illustrates  the  difference  between  a  Gothic 
arch  and  a  semicircular  race. 
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A(1)  AND  A$) 

ARE  CONTACT  ANGLES 


(A)  GOTHIC  ARCU  SHOWING  MOMENT  CARRYING  CAPABILITY 


TO  TRANSFER  LOAD 

GOTHIC  ARCH  SEMICIRCULAR 

RACE 

(B)  COMPARISON  OF  GOTHIC  ARCH  AND  SEMICIRCULAR  RACES 


Figure  18.  Gothic  Arch  4 -Point  Retention. 


The  advantage  of  the  Gothic  arch  retention  is  the  ease  of  assembly  and  in¬ 
spection.  The  disadvantage  is  that  no  optimization  of  rolling  elements  can 
be  obtained.  Once  the  ball  diameter  and  pitch  diameter  are  selected,  the 
general  geometry  is  fixed. 

Retention  Conclusions 


Some  of  the  desirable  characteristics  of  an  ideal  blade  retention  are  high  load- 
carrying  capability,  reliability,  and  ease  of  assembly. 

From  ;he  preceding  discussions,  it  is  seen  that  neither  the  crossed  roller  retention 
nor  the  Gothic  arch  retention  meets  all  of  these  characteristics.  The  two  reten¬ 
tions  are  equal  in  reliability.  The  crossed  roller  is  superior  in  load-carrying 
cap:  bility,  while  the  Gothic  arch  is  superior  in  ease  of  assembly.  With  a  com¬ 
posite  material  blade,  the  load -carrying  capability,  in  the  propeller  size  being 
considered,  is  not  of  primary  importance.  Therefore,  the  Gothic  arch  retention 
was  selected  for  its  greater  ease  of  assembly. 
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ANALYSIS  OF  4-BLADE  BARRELS 


Retention  Analysis 

The  retention  pitch  diameter  is  determined  by  calculating  (by  computer)  the  maxi¬ 
mum  Hertz  stress  for  several  different,  pitch  diameters  using  various  ball  sizes.  The 
results  of  these  calculations  are  then  plotted,  and  a  tentative  .etention  size  is  se¬ 
lected.  This  selected  pitch  diameter  and  ball  size  combination  is  then  placed  into  the 
computer  to  calculate  the  Hertz  stresses  and  deflection  for  each  of  the  load  condi¬ 
tions  using  a  predetermined  bail-to-race  fit. 

fable  IV  defines  the  retention  geometry  f"»r  the  retention  size  selected.  Also  in¬ 
cluded  are  (1)  the  maximum  calculated  Hertz  stress  for  each  loading  case  (centrif¬ 
ugal  load  and  steady  bending  moment  and  vibratory  binding  moment)  and  (2)  the 
minimum  distance  from  the  edge  of  contact  ellipse  relative  to  the  edge  of  the  race. 

Barrel  Arm  Analysis 

The  barrel  arm  stresses  are  independent  of  the  centerbody  concept  used  but  are 
dependent  on  retention  diameter  and  cylinder  length.  For  this  reason,  the  barrel  arm 
concept  is  common  to  the  various  4 -blade  barrel  designs.  The  arm  is  analyzed 
as  a  shell  of  revolution  (cylinder),  with  the  point  of  connection  with  the  centerbody 
defined  as  an  infinitely  stiff  foundation.  The  cylinder  is  broken  up  into  as  many 
parts  as  necessary  in  order  for  each  part  to  have  a  constant  thickness  (Figure  19). 
For  the  imposed  loadings,  the  stresses  and  deflections  are  calculated  along  each 
part  (at  preselected  points)  from  the  point  of  fixity  to  the  free  end. 

Ihc  barrel  arm  outboard  of  the  blade  retention  area  is  wrapped  with  boron-epoxy. 
The  effect  of  the  boion  is  to  stiffen  the  retention  area  in  the  hoop  direction  such 
that  radial  loads  from  the  retention  are  absorbed  by  the  boron  and  are  not  trans¬ 
mitted  to  the  lower  portions  of  the  titanium  barrel  arm.  The  arm  takes  the  axial 
portion  of  the  blade  loads  since  the  boron  is  not  effective  in  this  direction.  The 
computer  program  assumes  an  all-titanium  structure  and  only  axial  loads  for  the 
reasons  stated  above.  Table  V  summarizes  the  maximum  stresses  in  each  section 
for  both  loading  conditions. 


47 


TABLE  IV.  BLADE  RETENTION 
4-BLADE  BARRELS 


Pitch  Diameter 

7.40514 

Ball  Diameter 

0.625  ±  0.000025  in. 

No.  of  Balls 

37 

Ball  Matching  Radius  Outer  Race 

0.3315  ±  0.  003  in. 

Ball  Matching  Radius  Inner  Race 

0.3257  ±  0.0008  in. 

Major  Diameter  Outer  Race 

8.0318  ±  0.0006  in. 

Minor  Diameter  Inner  Race 

6.  7784  a  0.  0006  in. 

Major  Diameter  Inner  Race 

7.413  *  0.001  in. 

Minor  Diameter  Outer  Race 

7.419  ±  0.001  in. 

Case  I 

Max  Hertz  Stress 

578,310  pel 

Min  Distance  From  Ellipse  Edge  Relative  to  Race  Edge,  0.0415  in. 

Case  □ 

Max  Hertz  Stress 

603.820  psi 

Min  Distance  From  Ellipse  Edge  Relative  to  Race  Edge,  0.0246  in. 

Barrel  Arm  Section. 


8 


TABLE  V.  BARREL  ARM  STRESS  SUMMARY. 
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Spherical  Barrel 


The  centerbody  of  the  spherical  barrel  is  generated  by  taking  the  4-blade  retaining 
rings  and  attaching  them  to  4  short  cylinders.  A  sphere  is  used  to  atiiteh  the 
blade -retaining  cylinders  to  the  front  ring,  and  a  cone  is  used  to  blend  the  sohere 
into  the  rear  ring  (Figure  20). 

The  barrel  is  cut  by  an  imaginary  plane  through  the  plane  of  rotation.  Tliat  por¬ 
tion  of  the  barrel  forward  of  the  plane  is  the  front  ring,  and  that  portion  aft  of  the 
plane  and  forward  of  the  tailshaft  is  the  rear  ring.  Each  ring,  for  a  4-blade  bar¬ 
rel,  is  radially  symmetrical  about  45-deg  segments.  Each  segment  is  sectioned 
every  10  deg,  as  shown  in  Figure  21.  Using  a  computer  program,  the  section 
properties  are  computed  for  both  the  front  and  rear  rings.  Ihe  resultant  section 
properties  with  each  loading  condition  are  used  as  the  input  for  a  computer  pro¬ 
gram  entitled  Barrel  Ring  Analysis  (deck  H  153), which  calculates  the  stresses 
and  deflections  for  the  front  and  rear  rings.  Tables  VI  and  VII  summarize  the 
total  stress  and  deflection  for  each  10-deg  element.  The  stresses  repeat  every 
90  deg  for  each  loading  case. 
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Figure  21.  4-Blade  Spherical  Barrel  20°  Forward  Section. 
Shell  Barrel 


The  centerbody  of  the  shell  barrel  is  generated  by  taking  the  4-blade-retaining 
rings,  the  front  ring,  and  the  rear  ring  and  connecting  them  by  a  surface  gener¬ 
ated  by  a  straight  line.  The  between-arms  section  of  the  barrel  centerbody  is 
elliptical  (Figure  22). 

A  true  shell  barrel  would  have  the  centerbody  elements  connect  into  the  blade- 
retaining  rings  at  a  point  where  the  load  from  the  blade  enters  the  ring  (Figure  23). 
The  incorporation  of  the  4-point  bearing  retention  concept  required  the  use  of  a 
ball  loading  hole  for  assembly  purposes.  This  requirement  together  with  wrapping 
boron  around  the  barrel  arms  necessitated  the  positioning  of  the  centerbody  ele¬ 
ments  inboard  of  the  races,  thereby  producing  secondary  stressing  in  the  center- 
body  (Figure  24). 
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TABLE  VI.  RING  ANALYSIS, 
4-BLADE  SPHERICAL  BARREL 


Csae  1 

Front  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(pal) 

(In.) 

(psi) 

0 

4,710  ±  2,348 

0.0048 

5,784  ±  2,548 

10 

4,662  i  2,033 

0.00488 

5,254  ±  3,575 

20 

4,036  ±1,652 

0.00477 

3,734  ±  3,761 

30 

4,705  ±  1,848 

0. 00473 

4,424  ±  4,596 

40 

9,669  ±  2,934 

0. 00467 

7,715  ±  5,926 

50 

8,928  ±  4,680 

0.00468 

8,611  ±  3,851 

60 

4,727  ±  2,232 

0.00476 

5,866  ±  1,107 

70 

4,074  ±  1,998 

0.00481 

4,932  ±  102 

80 

4,649  ±  2,406 

0.00483 

5,980  ±  1,300 

Case  I 

Rear  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

7,701  ±  2,681 

0.00685 

8,029  ±3,674 

10 

7,252  ±  2,044 

0.00686 

8,704  ±  5,224 

20 

5,418  ±  1,176 

0.00686 

6,594  ±  5,095 

30 

6,588  ±  1,409 

0.00679 

10,229  ±  6,666 

40 

11,759  ±  2,788 

0.00666 

15,876  ±  9,695 

50 

12,400  ±  4,361 

0.00666 

13,874  ±  6,192 

60 

6,814  ±2,469 

0.00678 

7,714  ±  1,843 

70 

5,622  ±  2,223 

0.00686 

4,490  ±1,847 

80 

7,409  ±  2,845 

0.00689 

7,277  ±  2,172 
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TABLE  Vn.  RING  ANALYSIS, 

4-BLADE  SPHERICAL  BARREL 

Case  II 

Section 

Position 

Outer  Surface 
Stress 
(psi) 

Front  Ring 

Deflection 

(in.) 

Inner  Surface 
Stress 
(psi) 

0 

5,303  ±  4,117 

0.00611 

6,274  ±  4,473 

10 

5,227  ±  3,565 

0.00611 

5,940  ±  6,273 

20 

4,519  ±  2,897 

0.00608 

4,481  ±  6,599 

30 

5,240  ±  3,242 

0. 00603 

5,446  ±  8,064 

40 

10,296  ±  5,150 

0.00594 

9,028  ±  10,395 

50 

9,915  ±  8,214 

0.00595 

9,489  ±  6,750 

60 

5,222  ±  3,914 

0. 00604 

6, 189  ±  1,937 

70 

4, 538  ±  3,504 

0.00612 

5,  098  ±  183 

80 

5,221 ±  4,220 

0.00615 

6, 314  ±  2,283 

Case  II 

Rear  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

7,045  ±  4,702 

0. 00744 

7,637  ±  6,452 

10 

6,680  ±  3,584 

0. 00745 

7,917  ±  9,170 

20 

5,028 ±  2,061 

0.00745 

5,696  ±  8,941 

30 

6,140  ±  2,471 

0.00738 

8,  814  ±  11,696 

40 

11,126  ±  4,894 

0.00725 

13,954  ±  17,006 

50 

11,456  ±  7,653 

0. 00725 

12,922  ±  10,858 

60 

6,257  ±  4,368 

0.00739 

7,519  ±  3,230 

70 

5,134  ±  3,  899 

0. 00749 

4,612  ±  3,245 

80 

6,760  ±  4,989 

0. 00752 

7, 182  ±  3,818 

53 


Figure  22.  4-Blade  Shell  Barrel. 


Figure  23.  Optimum  Shell  Barrel  Retention  Configuration 
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Figure  24.  Required  Shell  Barrel  Retention  Configuration. 

Hie  centerbody  is  assumed  to  be  divided  at  the  blade  centerline ,  in  the  plane  of 
rotation,  into  the  front  and  rear  barrel  rings.  Cross  sections  are  taken  every 
10  deg  from  the  blade  centerline  to  the  between-arms  symmetry  line  for  each 
ring  (Figures  25  and  26).  Hie  section  properties  for  each  section  are  then  de¬ 
termined  by  use  of  a  computer  program  entitled  Section  Properties  by  Parts  (deck 
P  026A).  This  output  is  then  used  as  part  of  the  input  for  a  computer  program, 
Barrel  Ring  Analysis  (H153)> which  calculates  the  barrel  stresses  and  deflections 
(Tables  Vin  and  DC). 

Hie  barrel  arm  does  not  exist  for  this  configuration.  Hie  outboard  portions  of 
the  spherical  barrel  arm  are  used  for  this  ring  structure.  Figure  19  illustrates 
the  portion  used;  Figure  19,  parts  2  through  5,  applies  to  the  shell  barrel  arm 
ring. 

4-Blade  Crossed  Tube  Barrel  Loads 


Of  the  loading  conditions,  the  3.5  g  cruise  maneuver  condition  is  used  as  the  de¬ 
sign  criterion  for  the  4-blade  crossed  tube  barrel.  The  axial,  in-plane  and  out- 
of-plane  load  distributions  are  used  to  determine  the  analytical  approach  for  the 
crossed  tube  concept.  Hie  loads  themselves  are  broken  down  as  follows: 
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Figure  25.  4-B 


TABLE  VID.  RING  ANALYSIS, 
4-BLADE  SHELL  BARREL 


Case  I 

Section 

Position 

Outer  Surface 
Stress 
(psi) 

Front  Ring 

Deflection 

(in.) 

Inner  Surface 
Stress 
(psi) 

0 

4,984  ±  2,434 

0.00602 

5,817  ±  2,589 

10 

5,095  ±  2,226 

0.00599 

5,535  ±  3,852 

20 

4,732  ±  1,978 

0.00593 

4,281  ±4,493 

30 

4,030  ±  1,524 

0.00584 

3,585  ±  4,445 

40 

11,767  ±  3,731 

0.00568 

10,253  ±  9,241 

50 

11,087  ±  5,431 

0.0057 

11,  858  ±  5,880 

60 

4,011  ±  1,934 

0.00588 

5,129  ±  1,072 

70 

4,  788  ±  2,287 

0.00605 

5,778 ±  233 

80 

5,087  ±  2,569 

0.00606 

6,362  ±  1,314 

Case  I 

Rear  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

7,228  ± 2,524 

0.00705 

7,460  ±  3,564 

10 

7,375  ±  2,083 

0.00706 

8,912  ±  5,226 

20 

6,233  ±  1,453 

0.00704 

7,431  ±  5,484 

30 

6,106  ±  1,448 

0. 00698 

10,288  ±  6,918 

40 

11,429  ±  2,705 

0.00685 

15,125  ±  8,491 

50 

12,130  ±  4,388 

0.00684 

13,486  ±  5,394 

60 

6,222  ±  2,159 

0. 00697 

7,622  ±  2,015 

70 

6,393  ±  2,415 

0. 00704 

5,217  ±  1,776 

80 

7,520  ±  2,853 

0.00708 

7,501  ±  2,100 
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TABLE  EX. 

RING  ANALYSIS, 

4-BLADE  SHELL  BARREL 

Case  13 

Section 

Position 

Outer  Surface 
Stress 
(psi) 

Front  Ring 

Deflection 

(in.) 

Inner  Surface 
Stress 
(psi) 

0 

5,601  ±  4,268 

0.00767 

6,297  ±  4,546 

10 

5,708  ±  3,904 

0.00764 

6,272  ±  6,760 

20 

5,298  ±  3,468 

0.00757 

5,176  ±  7,884 

30 

4,478  ± 2,673 

0.00745 

4, 552  ±  7,799 

40 

12,656  ±  6,547 

0. 00724 

12,213  ±  16,210 

50 

12,306  ±  9,530 

0.00725 

13,038  ±  10,309 

60 

4,465  ±  3,393 

0.00748 

5,347  ±  1,876 

70 

5,327  ±  4,012 

0. 00762 

5,947  ±  411 

80 

5,704  ±  4,506 

0.00772 

6, 697  ±  2,309 

Case  II 

Rear  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

6,635  ±  4,443 

0.00767 

7,033  ±  6,239 

10 

6,798  ±  3,651 

0.00767 

8,012  ±  9,138 

20 

5,776  ±  2,539 

0.00765 

6,394 ±  9,622 

30 

5,629  ±  2,505 

0.00759 

8,718  ±  12,085 

40 

10,778  ±  4,714 

0.00745 

13,545  ±  14,939 

50 

11,137  ±  7,658 

0.00745 

12,705  ±  9,505 

60 

5,691 ±  3,774 

0.00760 

7,341 ±  3,572 

70 

5,863  ±  4,250 

0.00769 

5,245  ±  3,178 

80 

6, 875  ±  5,019 

0.00774 

7,281  ±  3,701 
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1.  Centrifugal  loading  is  considered  to  be  constant  and  evenly  distributed 
about  all  four  barrel  arms  (Figure  27). 

2.  Moment  loading,  both  steady  and  vibratory,  is  considered  to  act  as 
shown  in  Figure  28.  It  is  taken  as  being  symmetrical  about  a  neutral 
axis  and  distributed  around  the  arm  on  a  cosine  curve. 

Analysis  and  Logic 

The  analytical  approach  was  determined  from  the  configuration  of  barrel  arm  loads 
and  from  the  geometrical  characteristics  of  the  crossed  tube  design.  This 
approach  was  applied  in  essentially  three  parts: 

1.  The  elemental  analysis  of  the  continuous  cylinder  centerbody  area 
neglecting  the  effects  of  the  front  and  rear  rings . 

2 .  The  analysis  of  the  front  and  rear  rings  by  spherical  barrel  analytical 
approach  neglecting  the  effects  of  the  centerbody. 

3 .  The  combination  of  parts  1  and  2 .  In  order  to  relate  part  1  to  part  2 ,  a 
stiffness  comparison  is  made ,  which  in  turn  determines  the  percentage 
of  load  absorbed  by  the  front  and  rear  rings  as  opposed  to  the  centerbody. 
This  percentage  load  split  is  determined  by  matching  deflections  at  a 
point  on  the  barrel  common  to  both  of  the  analyses . 

The  Elemental  Analysis  of  the  Continuous  Cylinder  Centerbody  Area 

Due  to  the  geometrical  complexity  of  the  crossed  tube  design,  the  stan¬ 
dard  analytical  approach  for  barrel  analysis  cannot  be  used.  Instead,  a 
thin  strip  or  "element"  analysis  is  employed  in  which  slices  are  cut 
through  the  barrel  parallel  to  the  in-plane  axis.  A  typical  element  con¬ 
figuration  is  shown  in  Figure  29. 

The  barrel  loading  is  symmetrically  distributed  around  the  barrel  arm. 

In  the  barrel  analysis  these  distributed  loads  are  further  defined  as  act¬ 
ing  at  point  locations  around  the  arms ,  and  these  point  locations  coincide 
with  the  ends  of  the  in-plane  section  elements  cut  (Figure  30).  Because 
the  moment  loading  is  a  function  of  Q  ,  it  becomes  necessary  to  define 
these  section  elements  with  respect  to  0  .  This  is  done  by,  first,  con¬ 
sidering  the  areas  of  continuous  cylinders  as  effective  only  to  45  deg 
either  side  of  the  in-plane  axis  of  barrel  symmetry  and,  second,  assum¬ 
ing  that  the  in-plane  section  elements  cut  are  of  even  radial  distribution 
(Figure  31)  with  identical  section  properties  from  0  to  40  deg. 
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Figure  28.  Centrifugal  Load  Distribution. 
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Figure  29.  Typical  Element  of  Continuous  Cylinder  Centerbody  Area. 
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Figure  31.  In -Plane  Barrel  Arm  flection  demote. 
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The  more  section  elements  that  are  taken  in  the  0-  to  -40 -deg  area,  the 
more  accurate  the  analysis  will  be.  If  N,  the  number  of  elements, 
equals  infinity,  a  partial  differential  equation  for  the  system  can  be 
written  from  which,  theoretically,  the  stress  and  deflection  equations 
can  be  integrated.  This  case  would  be  mathematically  impossible  be¬ 
cause  of  the  complex  geometry;  therefore,  a  set  of  equations  is  de¬ 
rived  for  the  general  section  configuration,  and  a  summation  of  a  defi¬ 
nite  number  of  sections  is  made.  The  number  of  section  elements  to  be 
considered  is  arbitrarily  selected  at  20.  The  radial  distribution  incre¬ 
ment  is  then  calculated  from 


DEG/ELEMENT  - 
DEG/ELEMENT  =  4.0 


Figure  31  shows  the  4-deg  increments  measured  from  the  center  of  one 
element  to  those  adjacent  to  it.  This  allows  an  approximate  area  calcu¬ 
lation  using  the  radial  length  of  an  element  times  its  thickness  or 


where 


A  =  t(Lr) 

2  (40)  ,r  R 
360 


(1) 


Given  the  following  loads ,  the  relationships  of  the  loads  to  the  elements 
can  be  written: 


CF 

SBINP 

SBOOP 

1PINP 

1POOP 

2PINP 

2  POOP 


centrifugal  force 
steady  bending  moment  in  plane 
steady  bending  moment  out  of  plane 
IP  vibratory  moment  in  plane 
IP  vibratory  moment  out  of  plane 
2P  vibratory  moment  in  plane 
2P  vibratory  moment  out  of  plane 


An  equation  for  any  element  is 


CF 


ELE 


40  (CF) 
360 


(2) 
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For  the  moment  loads,  the  peak  load  of  the  distribution  is  found  from  the 
standard  formula  of 


P  = 


2M 

R 


and  the  load  at  any  point  for  in-plane  loads  is 


_  2M  „ . 
?IN  15  r-  (cos  8  ) 


(3) 


(4) 


For  out-of-plane  loads,  which  are  90  deg  out  of  phase  to  the  in-plane 
moment, 


POUT  -  T  <sl”  9  >  <6> 

Substituting  the  respective  moments  and  their  signs  for  MOMENT  and 
summing  the  results  produce  the  final  element  load.  For  the  determina¬ 
tion  of  the  proper  sign,  an  investigation  into  4-blade  barrel  loading  is 
necessary. 

Assuming  that  on  barrel  arm  No.  1  (Figure  30)  the  vibratory  moments 
IP  and  2P  are  in  phase  (i.e. ,  when  IP  is  a  positive  moment),  the  total 
barrel  load  picture  would  appear  as  shown  in  Figure  32,  where  a  force 
directed  toward  the  center  of  barrel  rotation  and  clockwise  moments  is 
considered  to  be  negative.  0  is  positive  forward  of  the  "Y"  axis. 

Having  calculated  the  total  load  on  the  end  of  each  element,  it  Is  now 
possible  to  analyte  each  section  as  an  independent  system. 

In  Fipire  33,  a  section  is  drawn  with  loads  Pj  and  P2  shown  on  one  bar¬ 
ret  arm  only.  It  is  assumed  that  the  location  of  AXIS  B  is  unchanged. 

Aa  elongation  of  A  and  A*  over  the  length  L  will  then  cause  hoop  and 
beading  stresses  In  B  because  B  is  part  of  a  cylinder  (see  the  deflection 
sketch  in  Figure  33).  These  etresaee  are  of  a  secondary  bonding  nature 
and  cauee  a  hoop  reetraint  on  the  elongation  of  A  and  A',  effectively  re¬ 
ducing  the  load  transmitted  into  length  Lj  and  Lg.  Tbs  stress  in  L}  and 
Uj  is  tensile  and  a  function  of  the  load  transmitted.  It  now  becomes 
necessary  to  defuse  the  hoop  restraint  of  B.  This  Is  dooe  by  considering 
the  intersecting  cylinder,  at  which  B  Is  aa  element,  with  all  the  barrel 
arm  loads  at  one-half  cylinder  A  transmitted  to  Its  cod  normal  to  its 
meridian  (Figare  34).  These  transmitted  loads  are  a  combination  of  the 
cealrthtpl  load  and  moment  loads.  If  their  magnitudes  are  plotted  along 
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Figure  32.  Loading  Diagrams 
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Figure  33.  4 -Blade  Crossed  Tube  Barrel  Section  Elements. 
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one-half  the  circumferential  linear  length  of  B,  the  combination  can  be 
defined  as  a  Fourier  harmonic  (Figure  35).  The  harmonic  combination 
at  the  mean  line  is  then  the  zero  Fourier  harmonic  and  second  Fourier 
harmonic. 

At  this  point  it  becomes  beneficial  to  employ  the  computer  program 
entitled  Thin  Shells  of  Revolution  (deck  HO88)  to  determine  the  effective 
stiffness,  or  spring  rate,  of  the  cylinder.  This  spring  rate  can  be 
determined  quite  easily  once  the  relationship  between  deflection  and  load 
is  obtained.  A  theoretical  load  AP  is  applied  to  the  center  section  ele¬ 
ment  of  cylinder  A,  and  an  elongation  of  L}  is  calculated  from  the  equa¬ 
tion 


e  = 


AP  Lx 
E  A 


(6) 


where  E  =  modulus  of  elasticity. 

This  elongation,  or  deflection,  is  common  to  both  the  element  and  the 
cylinder  B  (Figure  36);  therefore,  the  load  necessary  to  cause  the  6  is 
a  portion  of  AP  and  will  be  called  PcyL»  80 


AP  "  PCYL  -  PELE 


(7) 


where  PgLE  =  ^oat^  on  section  element 
PELE  can  ^en  ke  used  to  recalculate  e. 

Through  this  iterative  process,  the  spring  rate  of  the  cylinder,  once 
determined,  is  constant;  therefore,  using  the  theoretical  e  to  calculate 
it  is  correct. 


Introducing  the  geometry  of  cylinder  B  along  with  the  deflection  e  pro¬ 
duces  a  load,  P^yl  *  necessary  to  cause  e.  The  spring  rate  is  then 


SLRL  = 


CYL 


(8) 


It  is  assumed  that  the  section  of  cylinder  B  which  is  part  of  the  center- 
body  is  identical  to  ARM  B  in  restraint;  therefore,  the  spring  rate  is 
effectively  doubled  or 


SB1  = 


2  PCYL 
e 


(9) 
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Figure  35.  Barrel  Arm  Loads  Defined 
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Baoaaaa  Pcvl  ^  ^ELE  d®r,v®d  from  the  theoretical  load  AP,  the 
retaliaoAlp  of  the  actual  load  P  mu  at  be  defined.  Thie  la  done  by  the 
spring  rate  oomparieoa  that  follows. 


The  deflection  of  the  section  element  Lx  is 

a  PL1 

#L»-  EA  <U> 

where  Lx  ■  R  cos  9  ,  length  of  any  6  element 
The  spring  rate  of  the  section  element  A1  is 

®ELE  "  1“  (121 

The  deflectiane  of  the  cylinder  and  the  section  element  are  common,  so 


*  L1  "  5  CYL 


Therefore, 


PELE  (ACT) 

SRele 


(ACT)  indicates  actual  applied  loads 


PCYL  (ACT)  “  P  "  PELE  (ACT) 


Sohring  equation  (14)  tor  P£LE  (ACT) 


_  <PCYL  (ACT))  (®ELE) 
PELE  (ACT)  " - - 
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Combining  equations  (8),  (12), and  (15)  produces 


~  P2 

PELE  (ACT)  =  pCYLTp 


(17) 


Tensile  stresses  in  the  section  element  are  obtained  from 


,  _  PELE  (ACT) 

fELE  = - a - 


and  secondary  stresses  are  obtained  from 


(18) 


fSEC  ~  PCYL  (ACT)  SF  <19) 

Deflections  are  recalculated  using  the  actual  loads. 

This  entire  calculation  is  further  complicated  by  vibratory  loading  and 
changes  in  the  A1  length  as  sections  are  cut  progressively  farther  away 
from  the  in-plane  axis  of  symmetry.  Because  of  the  need  for  repetitive 
calculations,  a  computer  program  is  written  to  expedite  these  calcula¬ 
tions  and  to  allow  for  the  iterations  to  determine  wall  thicknesses. 


Figure  37  is  a  reproduction  of  the  actual  program  entitled  Crossed  Cyl¬ 
inder  Barrel  Analysis  (deck  H999)  to  which  the  above  analysis  can  be 
compared. 

Figure  38  shows  the  cylinder  intersection  area  of  the  4-blade  crossed 
tube  barrel.  From  the  barrel,  a  section  is  taken  to  describe  the 
geometry  that  is  used  as  input  to  the  program  deck  H088  (Figure  39). 

A  deflection  (see  the  deflection  parameters  in  Figure  39),  using  the 
centrifugal  and  steady  bending  loads  only,  is  calculated  by  standard 
formulas.  This  deflection  is  also  part  of  the  H088  input  and  is  broken 
down  into  two  parts: 

1.  The  deflection  caused  by  the  centrifugal  load  (the  zero  Fourier 
harmonic),  and 

2.  The  deflection  caused  by  the  steady  bending  moment  (the  second 
Fourier  harmonic).  H088  is  then  used  to  calculate  the  load  neces¬ 
sary  to  produce  this  deflection.  This  is  the  load  P  which  is  used  to 
determine  the  spring  rate  of  the  barrel  arm. 
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Figure  37.  USAAVLABS  Barrel  Stress  Analysis. 
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total  sum  op  AU.  OCPLCCTIONS  |NOp<  IN 

DIMENSION  OATAIfOl  fPCLlPl«*l  •PCLOPIAAI  (PCi.  I  I  146  •  ,P«4.  I Ol  •* I  ,P»l  #  I 
2(461  .PELC0I46I  .STSIP(46I  ,STS0P|46l(tTSI  1 1 44  »  .6T4I0I44  I  •SIMM 4*  •  • 
3STS20 1 46 1  «OEl  I  ( 4*  I  .OCLl!  46 1  .OCL  Sl46»  ,0Ci4(44«  .0*16(44  i  .OCv  Ti«4#  » 
40ElT(46I*STST(46I  •STVTI46I  •CPST0l4*l(CPSTTl6*l»ia«l*l46l* 

SSBMOB ( 46 1  •  SBMOT  '  46 1  ,  sBMl  T  (46  I  «vO|  101  44  I  ,wO|  I » 16*  I  .wOlOBl  4*  • 

0  I  MENS  I  ON  V0IOTI46I  ,vUII|4*I  .*0*1 Tl 44  I  .  WO»OOl44  I  .  V«#Of  I  *4  •  . 
2SUMSB(46I  .SUMSTI46I  •SUMV«(46I  .SUMVT|4«I  .0CL«I4*I 
EOul VALENCE  (OAT  A  |  |  I  .0 1 . (OAT A (« » ,T  »  •  1 06 »A|  S I .C I . t OAT6 1 4  I  ,CP  » , 
2(OATA(9I.SMINP|*(OATA(6I«SMOOP|.iOATA(T>.VN|  IPl,(OAT4t6(.v«|OPl  . 

3!  DATA  (  9 1  « VM2  IP  I  «  ( 04  TA  (  1  0  I  » VM20P I  •  l  OAT  A I  |  |  I  ,OCPL  I  .  (OAT  4 1  |»I.QLOAOi 
4,  (DAtA(  |3),sPHIBI  .  (OAtA(  |4I  .sPMIt  I  «(OAt*(  |«  »  «ST*«Bl.lOAf  At  |«t,|tN 
3ET».(0AtA(  |T).sPlTB)«(OATA(  lOl.ftFlTTI 
I0»6 

1  CALL  START 
CALL  LOAD(OATA| 

WRITE  (10,2) 

2  FORMAT (//40X.40H  CROSS^O  CvLlNOER  BAOQCL  ANALYSIS  // 

250X.17M  INPUT  OAtA  /) 

WRITE  (  10,3 )R,T«DEFl.OLOAO, E, CP, SMlNP. SNOOP, VM|  IP* VM|0P.v«2tP* 

2 VM20P , SPH I B , SPH I T 

.1  FORMAT!  I  OX.  3HR  -EI2.6.6H  T  »EI2.6,9h  OtPL  <II«I,I|N  OlOAO  • 
2  £12,6, 6H  E  «E12.6//10X.4MCF  -EI2.6.IIM  sBm|M>  *<|2.4.I*h  % 

3BM00P  ■£  1 2 , 6 ,  I  |H  |P  INP  =CI2«6«  I  |H  |P  OOP  =C 12,6// I 0» .9m  gP  IN 
4P  =E 1 2.6 , 1  I H  2P  OOP  ■EI2.6.I3H  SPMI/OOT  •CI2.6.I3M  SPmI/IOP 

5=El2.e,//> 

WRITE! I0.16)STMEB,STHET,SFIT8,SFITT 
16  FORMAT!  1  OX,  1  1HSTHET/B0T  -EI2.6,  1  4M  STHtT/TOP  •CI2.4.I4M  fcF I TM/ 
2B0T  *L12»6,14H  SFlTM/TOP  «E  12.6//,  49k .  1 6H  STRESS  SECTION  //«»«,! 

36H  outside  fiber  i 

WRITE  ! 10,4 ) 

4  F0RMATI6X.4H  STA,5x,3H  CF,7*,7M  sBMlNP.Bx.7H  SBMO0P.9x.7h  |f»  |N», 
25X,7H  IP  00P,5x.7H  2P  |NP,Sx,7H  2P  OOP  // > 

0  I2.0*OLOAO»2.0*3. 14 159*R/90.0 

SPR-O/DEFL 

PCON=CF/90»0 

AREA=2.0*R*T43. 14 1592/90.0 
CA  =Q/PC0N 
PELCO=PCON/ 1  CA-f  1  ) 

J=l 

DO  8  1=4.92,4 

A  I  =  !  1-4  ) 

THET=A1/S7, 29579 

PEL IP(J)=2.0*SM !NP*C0S ( THE  T ) / 1 R* (CAT | >«90»0> 

PEL0P( J)=2.0*SM00P»S1N(THET)/(R*(CA4|  I *90.0  I 
PEL  1  I ( J)=2»0*VM1 IP*COS(THET»/(R*lCA*i >»90*0> 

PEL10! J) =2.0*VM10P*SlN! THEt )/(R* (CA*| >«90«0  » 

PEL2 I < J) =2.0*VM2 1 P*C0S( THEt ) / ( R« (CA4|  )*90«0  ) 

PEL20! J)=2.C*VM20P«?IN(THET»/(R*(CA.| >*90.0> 

STS  IP! J)=PELIP( Jl/AREA 
STSOP ( J ) =PEL0P ( J ) /AREA 
STS  1  I  !  J 1 “PEL  1 1 ! J ) /AREA 
STSlO! J)=PEL10( Jl/AREA 
STS2 1  I J ) =PEL2 I  I J ) /AREA 
STS20 ! J 1 -PEL20 ( J 1 /AREA 
DELI ( J)=(PELCO*R*COs(THET) >/|E*AREA> 

DEL2 ( J )  =  <PEL IP ( J ) »R*C0S ! THEt ) ) /(E* AREA ) 


Figure  37.  USAAVLABS  Barrel  Stress  Analysis  (Continued). 
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DEL  3 1 J  »  *  <  PELOP «  J ) *R»COS ( THE  T  1  >  ✓  C  E  *  ARE  A  > 

DEL A ( J! *  <PEL 1  I ( J) *R*COS I THET I ) ✓  <  E* ARE A ) 

OEL5< J)s(PELlO{ J)*R*COSC TMET >  > / ( E  * ARE  A ) 

D£l_6  C  J  )  *  (PEL 2  t  «  J>«R*COS«  THET  >  ) /ME*  ARE  A) 

DEL7»  J | * (PEL20C  J ) *R*COSC  THET 1 > ✓»  E* AREA ) 

a  continue 

stsco*pelco^area 
DO  9  J* I .23 
L  *24  - J 
K*22* J 

OEL  l IK> -OELI IL > 

DEL 2 (K ) * -DEL2 (L  ) 

DEL3  0C  >*OEL3CL  ) 

OEL4  (ICl  *— OEL4  (L  I 
DELS  I  It  »  «OELS<L  > 

DEL6MC  >  *-OEL6lL  I 
DEl7<K>«0El7«l> 

STSIP(K»*-STSIPIU> 

STSOPOC  J»STSOP(L  > 

STSI  I|K)»-STSI  I ILI 

STS100C)*STS10cL»  - 

STS2 IfK) »-STS2 I  IL  1 

STS20|IO*STS20|L» 

9  C  ONT I NuE 

c  DEL T- SUN  OF  all  the  DEFLECTIONS  SHOWN 

c  stst*tOtal  steaov  load  axial  stress 
c  STVT* TOTAL  IP  VIBRATORY  LOAD  AxlAL  STRESS 

DO  10  J* l «  46 

DEL  T  C  J ) «0El I  I J I ♦OEl  2 «  J  > ♦DEL  3  <  J ) ♦  DELA I J I ♦DELS I J  »  4DEL6 ( J  >  4DCL7 ( J  » 
STSTI J>*STSC04STSlP ( J>*STSOP« Jl 
STVTC J»*STSI  I  I J •♦STSlOl J) 

10  continue 

THE  FOLLOW  I  NO  SBS  Nl^BERs  ARE  CONSTANT  -STRESS  ✓  INCH  OEFlECtION 

S»SA*SPHIB/OEFl 

SBSB-SPHIt/OEFl 

SBSC-STHEB/OEFL 

sbso.sthet/oefl 

sbse-s^ itB/defl 

SBSC-SFITT/OEFl 

c  STRESSES  DuC  TO  steady  loads 
DO  11  ja|,46 

CFSTBI  J»*STSCO>sBSA*(DEl  UJI) 

CFstti J»*STSCOtsBsB*|DEL1 I J) > 

sew  I B ( J > *STS I p  <  J > 4SBSA* ( DE L 2 ( J ) > 

SBM I T I J ) *STS IP ( j » TSBsB* « DEL2 < J >  » 

SBMOB ( J ) *STSOP ( J  >  ♦SBSA* ( DELS  I J ) ) 

SBMOTC JI»STSOP( J>4SBsB*<DEl3« J) ) 
c  STRESS  Out  TO  VIBRATORY  LOADS 

VB 1  IB  I J)*STS1  I  <J)*SBSA*( DEL 4 ( J ) ) 

VB1  I T I J ) *STS I  I  I J)TSBSB4(DEL4C J) 1 
vBl OB  <J)*STSlO(J> *SBSA* ( DELS ( J  > ) 
vB!OT(J)*STS10(J) TsBsB* (DELS! J I ) 

VB2IB( J)*STS2I ( J»>SBs**<0EL6( J>  » 

VB2ITI J)»STS2I I J>4SBsB«(DEL6( J) > 

VB20BI J) *STS20( J)tsBSA*(DEL7« J) > 

VB20T I J ) *STS20 ( J ) tsBSB* ( DEL7 ( J ) » 

SUMSB  C  J  »  *CFSTB <  J  > ♦SBM I B ( J ) ♦SBMOB < J ) 

SUMST ( J t *CFSTT ( J  > ♦SBM I T  <  J> ♦SBMOT <  J  ) 

SUMvB I J ) *vB I IB( J> ♦VBl OB | J) 


Figure  37.  USAAVLAB8  Barrel  Stress  Analysis  (Continued). 
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SUMVTC  J)*VB1  I  T  <  Jl+vBlOTI  J) 

11  CONTINUE 

WRITE!  10.51  C  J.CFSTT C J> .SBMlT C  J)  «  S8MOT  (  J  )  •  VB  |  ITCJ)  .  VB 1 OT  C  J  >  •  yB2  I 
2TCJ) .VB20TC J» .  J*1.45> 

5  F0RMATC5X. I5.7FI2.2  ) 
wRI TEi 10.61 

6  FORMAT C///.44X. I5H  InsIOE  FIBER  //I 
WRITE  (10.4) 

WRITE (  10,7) ( J.CFsTBl J) .SBMIB ( J) , SBMOB ( J ) , vB 1  IB ( J ) , yBl 06 ( J ) , 

2vB2 I B ( J  > , VB206 ( J ) . J -  1 .45) 

7  FORMAT  CSX.  15. 7F 12.2 ) 

WRITE! 10.12) 

12  FORMAt(///44x.20HOEFlECt ION  SECTION  //> 

WRITE  (10.4) 

WRI TE (  IO. I  3  > ( J.DEL1  ( J) .DEL  2 ( J  > . OEL3 ( J  > .DEL 4 ( J  >  «DEL5 ( J ) .DEL6 ( J ) . 
20EU7 | J ) , J« | .45) 

13  FORMATC5X. I5.7F12.9) 

WRI TEC  10. 14 ) 

1  4  F  OPM  A  T  (  ///4  IX.  3GH  TOTAL  DEFLECTIONS  ANO  STRESSES  ✓/'92M 

2  STA  stEAOv  STS/OUT  vBM  STS/OUT  STEAOY  STS/ IN  vBM  STS/ IN 

3  DEFLECT  TOT  ✓/) 

WRI TE (  10.15)  ( J.SUMST ( J ) . SUMVT ( J )  • SUM SB ( J )  . Su*VBC  J  > .DELT ( J ) ,J» | ,45 

2) 

15  FORMAT ( 5x IS, 5F 15.5) 

GO  TO  I 
F  NO 

•N  xOT  H999 


Figure  37.  USAAVLABS  Barrel  Stress  Analysis  (Continued) 
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From  the  computer  run,  the  following  information  is  collected  and  a 
summation  is  made: 


HARMONIC 

0 

2 

SUM 

LOAD  P 

-148. 

-285. 

-433 

SPHI/BOT 

-420. 

-842. 

-1262 

SFHI/TOP 

420. 

643. 

1063, 

STHET/BOT 

2198. 

2587. 

4785 

STTHET/TOP 

2453. 

666. 

666 

SFITH/BOT 

0 

-629. 

-629 

SFITH/TOP 

0 

-764. 

-764 

Along  with  these  data,  the  loads  are  collected  and  are  used  as  the  input 
for  the  crossed  tube  barrel  program.  The  loads  used  in  the  actual  pro¬ 
gram  run  are  identical  to  those  given  for  run  H153.  The  maximum 
stress  calculated  is 

fb  =  17, 324  ±  17, 413  psi  (20) 

This  stress  meets  die  stress  limitation  required. 

The  Front  and  Rear  Ring  Analysis  by  Conventional  Analytical  Approach 

Neglecting  the  material  that  comprises  the  continuous  cylinder  center- 
body  area  (investigated  in  Item  1),  die  barrel  is  assumed  to  have  a  con¬ 
figuration  similar  to  the  spherical  barrel.  This  permits  application  of 
dm  standard  barrel  program  deck  H153,  which  will  be  used  to  size  the 
front  and  rear  rings. 

The  total  loads  introduced  are  as  follows: 


CF 

= 

45,  000  lb 

SBINP 

= 

12, 720  in.  -lb 

SBOOP 

= 

13, 780  in.  -lb 

1FINP 

= 

73, 400  in.  -lb 

1POOP 

= 

87, 500  in.  -lb 

2PINP 

= 

10, 000  in.  -lb 

2  POOP 

= 

10,  000  in.  -lb 

These  total  loads  are  used  along  with  the  geometrical  sections  cut  to 
produce  the  maximum  stress  and  deflections.  The  actual  run  produced 
a  maximum  stress  of 
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on  the  100-deg  section, and  the  maximum  deflection  of 

6  =  0. 5785  in.  (22) 

occurred  at  the  50-deg  section. 

Combination  of  Parts  1  and  2 

In  order  to  relate  the  calculations  made  in  parts  1  and  2,  it  becomes 
necessary  to  divide  the  loads  applied  to  the  barrel  arms  into  some  pro¬ 
portion  between  the  continuous  cylinder  centerbody  area  and  the  front 
and  rear  rings.  To  facilitate  finding  this  proportion,  the  deflections  of 
the  center  area  must  match  with  those  of  the  front  and  rear  ring  at  some 
common  point.  This  common  point  is  determined  from  inspection  of 
the  crossed  tube  barrel  geometry. 

If  a  point  is  rotated  from  the  in-plane  axis  of  symmetry  toward  the  front 
of  the  barrel,  at  an  area  between  40  and  45  deg,  the  continuous  cylinder 
configuration  begins  to  diminish,  and  the  front  ring  interface  area  orig¬ 
inates.  At  this  location,  then,  the  effect  of  loads  on  the  front  ring  and 
on  the  continuous  cylinder  should  produce  equal  deflections.  Study  of 
the  loads  applied  versus  deflection  in  the  H999  run  of  part  1  reveals 
that  two-thirds  of  the  deflections  caused  in  the  cylinder  are  caused  by 
centrifugal  load;  therefore,  the  centrifugal  load  is  varied  proportion¬ 
ately  between  the  cylinder  and  ring  analysis.  The  in-plane  and  out-of¬ 
plane  moment  loading  is  not  quite  as  effective,  and  a  ratio  of  60  to  40% 
will  be  arbitrarily  used  to  spread  the  total  loading  between  the  two 
analyses;  i.  e. ,  60%  of  all  in-plane  moments  are  effective  on  the  con¬ 
tinuous  cylinder  centerbody  and  40%  on  the  front  and  rear  rings,  while 
40%  of  all  out-of-plane  moments  are  effective  on  the  continuous  cyl¬ 
inder  centerbody  and  60%  on  the  front  and  rear  rings. 

The  centrifugal  load  is  divided  into  10%  increments  between  programs 
H999  and  H153  so  that  the  sum  of  the  two  loads  equals  the  total  cen¬ 
trifugal  load,  i.  e. ,  10%  to  H153  and  90%  to  H999,  etc. 

From  the  computer  runs  made,  the  deflections  at  45  deg  are  plotted 
versus  the  load  percentage  combination  for  both  of  the  programs 
(Figure  40).  Their  common  point  is  determined  to  be  approximately 
52%  to  the  front  and  rear  ring  and  48%  to  the  centerbody.  Stresses  and 
deflections  can  be  used  from  the  50-50%  load  share  printouts  with  only 
slight  error. 


DEFLECTION  (AT  APPROX  45  DEG)  -  IN. 


0.005 


0.004 


0.003 


0.002 


0.001 


0.0 


80  70  60  50  40  30  20  10  0 

FRONT  AND  REAR  RING  -  PERCENT 

1 _ I _ I _ I _ I _ I _ >  »  » 

20  30  40  50  60  70  86  90  100 

CONTINUOUS  CYLINDER  CENTERBODY  -  PERCENT 


Figure  40.  CF  Distribution  Versus  Deflections. 


The  maximum  stresses  for  the  front  and  rear  rings  are  negligible. 
However,  the  centerbody  stresses  are  printed  for  the  inside  edge  of  the 
barrel  arm  cylinder  (Figure  41),  which  is  not  the  point  of  maximum 
stress.  This  maximum  stress  occurs  at  the  end  of  the  cylinder  blend 
fillet  where  the  cylinder  thickness  becomes  constant  (Figure  41). 

To  determine  this  stress,  a  relationship  of  the  deflections  and  stresses 
from  the  H088  run  to  the  stress  given  in  H999  for  the  end  of  the  barrel 
arm  is  necessary.  This  relationship  is  as  follows: 

The  deflection  at  the  barrel  arm  edge  from  H088  is 

E88  =  0. 001745  in.  (23) 

The  deflection  at  the  fillet  end  from  H088  is 

6  F88  =  0. 001733  in.  (24) 
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The  ratio  of  theee  deflection*  la 

1.006  In. /In.  (26) 

The  steady  load  deflection  from  H999  at  the  barrel  arm  edge  is 

6  SE99  -  0.  00108  +  0. 00016  ♦  0. 00006?  -  0.  0013  In.  (26) 

The  vibratory  load  deflection  from  H999  at  the  barrel  arm  edge  Is 

6  VE99  =  0. 000853  +  0. 000424  +  0.  000116  ♦  0. 0000486  ■  0.  00143  In.  (27) 
The  deflections  at  the  fillet  end  can  then  be  found  from 


Figure  41.  Barrel  Arm  Fillets. 


(30) 


*  8F99  -  0.  001292  In. 

VF99  *  0.00142  In.  (31) 

The  bonding  stress  at  the  fillet  end  from  H088  ia 

(F88  "  10, 210  pel  (32) 

It  la  near  poeaible  to  determine  a  factor  of  atreaa  per  in.  of  deflection  at 
the  fillet  end. 


»'  ‘  of&NsS  ’  «■ 8  x'0*  ■«'/*»• 

The  atreaa  at  the  fillet  end  la  then  determined  from 

fj,  »  (6  gF99  ±  6yFgg)  (8F) 
fF  »  7,640  t  8, 390  pet 
Streaa  concentration  factor  (Reference  7) 

Kt  -  1.0 


(33) 


(34) 

(35) 


fp  *  7, 640  ±  9, 220  pal  (36) 

This  maximum  atreaa  providea  an  ample  margin  of  safety. 

The  maximum  radial  deflection  of  the  barrel  arm  race  is  approximated 
by  an  observation  that,  in  addition  to  the  center  body  deflection,  there 
exists  an  elongation  of  the  barrel  arm.  Calculations  of  the  formula 


e 


PL 

EA 


(37) 


show  the  effect  of  this  elongation  on  the  total  radial  deflection  to  be  30%. 
The  total  radial  deflection  is  then  given  by 
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rad  =  VED9  +  6  SE99>  <*•  3> 


6  rad  =  °*  00355  in*  (average) 


(38) 


Neither  the  deflection  limitation  nor  the  stress  limitation  has  been  met 
by  these  calculations.  However,  the  will  thickness  of  0. 0875  in.  is  a 
definite  manufacturing  limitation. 

If  there  were  no  manufacturing  limitations,  the  centerbody  walls  could, 
theoretically,  be  made  thinner,  thereby  optimizing  the  use  of  the  walls 
and  reducing  the  weight  of  the  barrel.  This  theoretical  thickness  is 
determined  by  plotting  the  data  available  in  deflection  versus  load  share 
and  the  maximum  radial  deflection  versus  thickness  curves,  then  ex¬ 
trapolating  a  possible  range  in  which  a  deflection  match  could  be  main¬ 
tained  at  45  deg.  Along  with  maintaining  this  range,  the  maximum 
deflection  is  held  to  0. 007-0. 008  in.  The  range  of  possible  thicknesses 
is  found  to  be  from  0. 0475  to  0. 0425  in.  For  the  theoretical  weight  cal¬ 
culation,  the  mean  thickness  of  0. 045  in.  is  used. 

It  should  be  noted  that,  although  this  thickness  is  theoretical  for  the 
barrel  configuration  designed,  a  proportion  of  thickness  for  a  larger 
barrel  design  could  meet  any  manufacturing  limitations  if  provided  with 
the  same  proportionate  reduction  on  the  total  barrel  weight. 
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ANALYSIS  OF  3“  BLADE  BARRELS 


Another  requirement  of  this  program  was  to  design  a  3-blade  barrel  and  to  com¬ 
pare  it  for  structure  and  fabricability  with  the  4-blade  designs.  To  make  a  mean¬ 
ingful  comparison,  it  was  necessary  to  analyze  all  three  of  the  basic  concepts  to 
ascertain  which  concept  was  the  best  design  and  then  to  base  die  comparison  on  the 
optimum  barrel  from  each  category. 

The  following  text  summarizes  the  structural  analysis  of  the  three  barrels  designed. 
Retention  Analysis 

The  basis  for  the  analysis  for  the  3-blade  retention  is  identical  to  that  of  the  4- 
blade  retention.  The  increased  loadings  necessitated  that  the  pitch  diameter  be  in¬ 
creased  to  9.003  in.  Table  X  summarizes  the  race  geometry  for  these  barrels  and 
the  maximum  Hertz  stress  for  each  loading  condition. 

Barrel  Arm  Analysis 

The  method  of  analysis  for  the  3 -blade  barrel  arm  is  identical  to  that  of  the  4- 
blade  barrel  arm.  The  increased  blade  loads  results  d  in  enlarging  the  retention 
pitch  diameter,  thereby  changing  the  barrel  arm  geometry. 

Figure  42  describes  the  elements  into  which  the  arm  has  been  sectioned.  Table  XI 
gives  the  stress  summary  for  the  3-blade  barrel  arm  analysis. 
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TABLE  X.  BLADE  RETENTION,  3-BLADE  BARREL* 


Pitch  Diameter 

9.003  In. 

Ball  Diameter 

0.625  t  0.000026  In. 

No.  of  Balls 

45 

Ball  Matching  Radius  Outer  Race 

0.3315  1  0.003  In. 

Ball  Matching  Radius  Inner  Race 

0.3257  *  0.0008  in. 

Major  Diameter  Outer  Race 

9. 6295  ±  0. 0007  In. 

Minor  Diameter  Inner  Race 

8.3761  1  0.0006  In. 

Major  Diameter  Inner  Race 

9.010  ±  0.001  In. 

Minor  Diameter  Outer  Race 

9.017  i  0.001  In. 

Case  I 

Max  Hertz  Stress  576, 660  pal 

Min  Distance  From  Ellipse  Edge  Relative  to  Race  Edge,  0.033  In. 

Case  II 

Max  Hertz  Stress  599,620  psi 

Min  Distance  From  Ellipse  Edge  Relative  to  Race  Edge,  0.0178  in. 

SHELL  SAMEL  ASM 


Figure  42.  3-Blade  Barrel  Arm  Section. 


[»1«. 


Spherical  Barrel 


The  centerboty  of  the  spherical  barrel  Is  generated  by  taking  the  three 
blade- retaining  rings  and  attaching  them  to  short  cylinders.  A  sphere  is  used  to 
attach  the  blade-retaining  cylinders  to  the  front  ring,  and  a  cone  Is  used  to  blend 
the  sphere  into  the  rear  ring  (Figure  43). 


Each  ring,  for  the  3-blade  barrel,  is  radially  symmetrical  about  60-deg  seg¬ 
ments.  Each  segment  is  sectioned  every  10  deg,  as  shown  in  Figures  44  and 
45. 


The  method  of  analysis  for  a  3 -blade  and  a  4 -blade  barrel  is  identical  from  this 
point  on,  and  all  comments  made  for  the  3-blade  spherical  barrel  apply  to  the 
4-blade  spherical  barrel. 

The  stresses  and  deflections  are  summarized  in  Tables  XII  and  XIII  for  each 
10-deg  section.  The  stress  distribution  is  repeated  for  each  120  deg. 
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TABLE  Xn.  RING  ANALYSIS, 
3-BLADE  SPHERICAL  BARREL 


Case  I 

Front  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

4,523  +  2,585 

0.0044 

3,285  +  3,616 

10 

4,468  +  1,961 

0.00441 

2,796  +  4,443 

20 

4,121  +  1.247 

0.00444 

2,434  +  4,822 

30 

4,098  +  923 

0.00446 

2,761  +  5,357 

40 

6,793  +  686 

0. 00446 

5,063  +  7,553 

50 

7,517  +  2,032 

0.00445 

9,840  +  7,332 

60 

6,489  +  2,995 

0.00447 

11,267  +  6,347 

70 

6,527  +  4,340 

0.0045 

10, 943  +  4, 925 

80 

6,373  +  3,659 

0.00455 

7,801  +  3,759 

90 

4,024  +  2,118 

0.00457 

4,833  +  2,742 

100 

3,980  +  2,397 

0.00455 

4,078  +  2,748 

110 

4,339+  2,713 

0.0045 

3,768  +  3,122 

Case  I 

Rear  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

6,339  +  2,934 

0.0052 

1,859  +  5,360 

10 

5,991  +  2,199 

0.0052 

2,888  +  5,851 

20 

5,101  +  1,261 

0.0052 

3,953  +  5,849 

30 

4,803  +  547 

0. 0053 

5,660  +  5,975 

40 

7,827  +  1,200 

0.0052 

11,245  +  8,677 

50 

5,835  +  2,475 

0. 0052 

16,301  +  9,931 

60 

5,521  +  3,075 

0.0052 

17,239  +  8,594 

70 

6,  921  +  4,  258 

0.0053 

14,455  +  7,001 

80 

9,417  +  4,809 

0.0053 

8,407  +  5,034 

90 

5,113  +  2,320 

0.0053 

3,197  +  3,  811 

100 

5,455  +  2,728 

0.0053 

1,830  +  4,349 

110 

6,244  +  3,104 

0.0053 

1,579  +  4,950 

TABLE  Xm.  RING  ANALYSIS , 
3-BLADE  SPHERICAL  BARREL 


Case  n 

Front  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

5,022  +  4,529 

0.00546 

3,404  +  6,250 

10 

4,911  +  3,448 

0.00547 

3,180+  7,695 

20 

4,503  +  2,203 

0.0055 

3,069+  8,369 

30 

4,476  +  1,632 

0.00555 

3,656  +  9,306 

40 

7,275  +  1,199 

0.00556 

6,503  +  13,143 

50 

7,746  +  3,458 

0.00556 

11,141  +  12,803 

60 

6,912  +  5,151 

0.00559 

12,375  +  11,119 

70 

7,237  +  7,503 

0.00565 

11,707  +  8,660 

80 

7, 060  +  6, 353 

0.00571 

7,910+  6,585 

90 

4,438  +  3,690 

0.00574 

4,720  +  4,773 

100 

4,430  +  4,182 

0.00571 

3,914+  4,763 

110 

4,845  +  4,742 

0.00565 

3,679  +  5,395 

Case  II 

Rear  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi  ) 

(in. ) 

(psi) 

0 

5,840  +  5,135 

0.0056 

1,929  +  9,293 

10 

5,582  +  3,863 

0.0056 

2,580  +  10,148 

20 

4,800  +  2,229 

0.0056 

3, 309  +  10, 152 

30 

4,537  +  988 

0.0057 

4,732  +  10,379 

40 

7, 745  +  2, 020 

0.0056 

9,799  +  15,102 

50 

5,800  +  4,245 

0.0056 

14,703  +  17,326 

60 

5,276  +  5,298 

0.0057 

15,972  +  15,039 

70 

6,359  +  7,362 

0.0057 

13,753  +  12,276 

80 

8,562  +  8,333 

0.0058 

8,338  +  8,804 

90 

4,697  +4,037 

0.0058 

3,466  +  6,625 

100 

4,982  +  4,755 

0.0058 

2,218+  7,547 

no 

5,712  +  5,421 

0.0057 

1,907  +  8,582 
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Shell  Barrel 


The  centerbody  of  the  shell  barrel  is  generated  by  taking  the  3-blade-retaining 
rings,  the  front  ring,  and  the  rear  ring,  and  connecting  them  by  a  surface  gener¬ 
ated  by  a  straight  line. 

The  barrel  is  radially  symmetrical  about  60-deg  segments.  Each  segment  is 
sectioned  every  10  deg,  as  shown  in  Figures  46  and  47. 

As  the  method  of  analysis  for  a  3-blade  and  a  4-blade  barrel  is  now  identical,  all 
comments  made  for  the  4-blade  shell  barrel  apply  to  the  3 -blade  shell  barrel. 

The  shell  barrel  stress  and  deflection  summary  is  contained  in  Tables  XIV  and 
XV. 

Barrel  Description  3 -Blade  Crossed  Tube 

The  3-blade  crossed  tube  barrel  can  be  described  as  follows:  one  cylinder  is 
considered  to  be  the  base,  and  another  cylinder  is  passed  through  the  base  at  a 
120-deg  angle  between  cylinder  center  lines.  A  third  cylinder  is  then  passed 
through  the  intersection  in  the  same  plane  as  the  first  two  cylinders.  Each  point 
around  the  cylinder  wall  is  extended  until  it  intersects  one  of  the  other  cylinder 
walls.  The  final  picture  is  outlined  in  Figure  48.  The  cylinder  intersection  peak 
requires  a  large  length  of  barrel  arm  for  proper  clearance  of  the  trunnion  assem¬ 
bly,  and  this  length  is  not  compatible  with  the  shell  and  spherical  barrel  designs. 
Therefore,  a  slight  alteration  in  the  crossed  tube  concept  is  unavoidable.  This 
alteration  amounts  to  replacing  the  cylinder  intersection  peak  with  a  flat  disc  as 
shown  in  Figure  49. 

3-Blade  Crossed  Tube  Loads 


The  3. 5  g  cruise  maneuver  condition  is  again  used  as  the  loading  criterion  for  the 
3-blade  crossed  tube  design.  The  total  load  is  applied  to  the  3-blade  crossed 
tube  in  the  same  way  that  the  total  barrel  load  is  applied  to  the  4-blade  crossed  tube 
design  and,  similarly,  is  used  to  determine  the  analytical  approach.  All  of  the 
loading  distributions  are  proportional  to  those  described  in  the  4-blade  analysis, 
where  the  ratio  of  proportionality  is  the  total  3 -blade  load  to  the  total  4-blade  load 
being  described. 

3-Blade  Crossed  Tube  Analysis  and  Logic 

The  analytical  approach  is  determined  from  the  configuration  of  barrel  arm  loads 
and  from  the  geometrical  characteristics  of  the  3 -blade  crossed  tube  design.  The 
configuration  of  the  barrel  arm  loads  is  identical  to  that  of  the  4-blade  analysis, 
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TABLE  XIV.  RING  ANALYSIS, 
3-BLADE  SHELL  BARREL 


1.  . . . . . -  - 1 

Case  I 

Front  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

4,218  +  2,445 

0.0043 

2,937  +  3,354 

10 

4,376  +  1,912 

0.0042 

2,719  +  4,108 

20 

4,346  +  1,328 

0.0043 

2,  849  +  4,  929 

30 

3, 146  +  865 

0.0043 

2,329  +  4,689 

40 

6,589  +  772 

0.0043 

4,973  +  7,364 

50 

7,960  +  1,940 

0.0043 

10,342  +  7,217 

60 

6,  984  +  2,  979 

0.0043 

11,680  +  6,276 

70 

7,013  +  4,336 

0.0043 

11,357  +  4,862 

80 

6,224  +  3,463 

0.0044 

7,646  +3,658 

90 

3,170  +  1,473 

0.0044 

4,159  +  2,454 

100 

4,243  +  2,401 

0.0044 

4,519  +  2,575 

110 

4,248  +  2,643 

0.0043 

3, 626  +  2,  824 

Case  I 

Rear  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(P8i) 

0 

5,662  +  2,729 

0.0043 

1,802  +  4,405 

10 

5,411  +  2,061 

0.0043 

2, 797  +  4,  804 

20 

5,266  +  1,231 

0.0043 

4,635  +5,334 

30 

3, 857  +  561 

0.0043 

4,874  +  4,713 

40 

5,553  +  728 

0.0043 

8,311  +  7,564 

50 

5,980  +  2,336 

0.0043 

14,002  +  8,418 

60 

4,685  +  2,830 

0.0043 

14,793  +  7,282 

70 

5,982  +  3,874 

0.0043 

12,451  +  5,911 

80 

6,376  +  3,462 

0.0044 

5,315  +  4,734 

90 

3,966  +  1,555 

0.0044 

2,966  +  2,808 

100 

5,563  +  2,637 

0.0044 

2,745  +  3,494 

110 

5,662  +  2,906 

0.0043 

1,722  +  3,943 

TABLE  XV.  RING  ANALYSIS, 
3-BLADE  SHELL  BARREL 


Case  II 

Front  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

4,685  +  4,283 

0.0052 

3,037  +  5,798 

10 

4,808  +  3,362 

0.0053 

3,091+  7,116 

20 

4  ,  758  +  2,344 

0.0053 

3,535  +  8,552 

30 

3,459  +  1,521 

0.0054 

3,110+  8,146 

40 

7,071  +  1,352 

0. 0054 

6,382  +  12,813 

50 

8,245  +  3,298 

0.0054 

11,649  +  12,606 

60 

7,456  +  5,124 

0.0054 

12,810 +  10,996 

70 

7,758  +  7,496 

0.0054 

12,170  +  8,553 

80 

6,884  +  6,014 

0.0055 

7,755  +  6,410 

90 

3,472  +  2,569 

0.0055 

4,050  +  4,272 

100 

4,705  +  4,190 

0.0055 

4,393  +  4,459 

110 

4,742  +  4,619 

0.0054 

3,557  +  4,878 

Case  n 

Rear  Ring 

Outer  Surface 

Inner  Surface 

Section 

Stress 

Deflection 

Stress 

Position 

(psi) 

(in.) 

(psi) 

0 

5,212  +  4,777 

0.0046 

1,842  +  7,635 

10 

5,043  +  3,620 

0.0046 

2,514+  8,330 

20 

4,944  +  2,179 

0.0046 

3,984  +  9,256 

30 

3, 612  +  996 

0.0047 

4,121+  8,188 

40 

5,392  +  1,234 

0.0047 

6,984  +  13,152 

50 

4,973  +  4,012 

0.0047 

12,641  +  14,688 

60 

4,485  +  4,879 

0.0047 

13,709+  12,743 

70 

5,488  +  6,699 

0.0047 

11,843  +  10.365 

80 

5,815  +  6,004 

0.0048 

5,444+  8,252 

90 

3,668  +  2,708 

0.0048 

3,141+  4,883 

100 

5,096  +  4,597 

0.0048 

3,012+  6,060 

110 

5,172  +  5,074 

0. 0047 

1,961  +  6,833 

- - 
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Figure  48.  3-Blade  Crossed  Tube  Barrel  Schematic,  Intersecting  Cylinders. 


Figure  49.  3-Blade  Crossed  Tube  Barrel  Schematic  With  Flat  Circular  Disc. 


where  the  magnitude  of  any  one  given  load  is  found  by: 

13-blade  load  mag  =  (4-blade  load)  (3-blade  total  load)/(4-blade  total  load) 

The  analysis  is  approached  in  the  same  three  steps  as  before: 

1.  The  elemental  analysis  of  the  centerbody  area  neglecting  the  effects  of  the 
front  and  rear  rings. 

2.  The  analysis  of  the  front  and  rear  rings  neglecting  the  centerbody. 

3.  The  combination  of  1  and  2  in  a  load  share  for  a  final  result. 

This  analysis  is  not  as  involved  as  the  4-blade  analysis,  and  assumptions  for  cor¬ 
relation  to  the  4-blade  analysis  are  made  for  simplification. 

These  assumptions  are : 

1.  The  point  of  maximum  load  (l.  e. ,  the  maximum  loaded  element)  occurs  at 
the  same  radial  displacement  as  the  4-blade  concept  (roughly  34  deg  from 
the  in-pume  axis  of  symmetry). 

2.  All  of  the  sign  conventions  and  directions  established  in  the  4-blade  analysis 
remain  the  same. 

3.  The  load  share  between  the  front  and  rear  rings  and  the  centerbody  is  ap¬ 
proximately  the  same  order  of  magnitude  as  the  4-blade  analysis. 

4.  Sections  are  cut  In  plane  under  the  same  specifications  as  in  the  4-blade 
analysis. 

The  Element  Analysis  of  the  Centerbody 

Figure  50  shows  a  typical  in-plane  element  with  a  load  applied.  One-third  of  this 
element  is  considered  to  be  in  equilibrium,  so  the  following  equations  from  statics 
apply: 

2  Fx  =  0  and  2Fy  =  0  (39) 

Pj  cos  30  +  Fi  cos  60  =  P2  cos  30  +  F2  cos  60  (40) 

Pj  sin  30  +  P2  sin  30  =  Fj  sin  60  +  F2  sin  60  (41) 
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An  investigation  of  tho  loading  condition!  for  IP  and  2P  vibratory  in  phase  on  one 
barrel  arm  gives  the  combination!  of  total  loads  represented  by  P^  and  P2  in 
figure  60.  The  investigation  Is  Identical  to  that  of  the  4-blade  barrel,  and  the 
general  case  is  shown  In  Figure  61.  The  magnitudes  of  these  loads  for  any  given 
element  are  calculated  using  the  same  equations  given  in  the  4-blade  barrel  analy¬ 
sis  and  are  a  (unction  of  $  . 

From  assumption  1  of  the  3-Blade  Crossed  Tube  Barrel  Analysis  and  Logic  section, 
these  loads  are  calculated  for  6  equal  to  34  deg.  Their  values  are  as  follows: 

P  (CF)  -  690  lb 
P  (8BMIP)  -  64  lb 
P  (SBMOP)  =  46.6  lb 
P  (1P1NP)  =  1  378  lb 
P  (1  POOP)  =  ±  296  lb 

Humming  these  values  according  u>  the  configuration  established  in  Figure  51 
produces  the  following  calculations: 

FRONT 

When  in-plane  and  out-of-plane  IP  (CCW)  moments  are  negative  at  barrel  arm 
No.  1, 

Pa  •  CF  -  SBM  -  IP  -  SBMOP  +  1POOP  690  -  64 


-  378  -  46. 6  ♦  296  «=  400  lb 

1^,  •  CF  ♦  SBM  -  IP/2  -  SBMOP  -  1POOP/2 

690  ♦  64  -  189  -  46.6  -  148  ■=  370  lb 

Pc  •  CF  -  SBM  ♦  IP/2  -  SBM  OOP  -  1  POOP/2 

690  -  64  ♦  189  -  46.6  -  148  -  620  lb 

Pd  •  CF  ♦  SBM  -  IP/ 2  -  8  PM  OOP  -  1  POOP/2 

090  ♦  64  -  189  -  46.6  -  148  -  370  lb 

Pe  •  CF  -  SBM  ♦  IP/2  -  8  PM  OOP  -  1POOP/2 

690  -  64  ♦  189  46.6  -  148  -  620  lb 

Pf  -  CF  ♦  SBM  ♦  IT  -  8PM OOP  +  1POOP 

690  ♦  64  ♦  378  -  46. 6  ♦  296  -  1128  lb 
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OUT-OF-PLANE  LOADING  FRONT  AND  REAR 
GENERAL  CASE 
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Figure  53 .  Load  Schematics 


FRONT 


When  in-plane  and  out-of-plane  IP  (CW)  moments  are  positive  at  barrel  arm  No.  1, 


Pa 

CF  -  SBM  +  1PINP  -  SBMOP  -  1POOP 

690  -  64  +  378  -  46.  6  -  296 

= 

660  lb 

Pb 

= 

CF  +  SBM  +  IP/2  -  SBMOP  +  1  POOP/2 

690  +  64  +  189  -  46.  6  +  148 

= 

1044  lb 

pc 

= 

CF  -  SBM  -  IP/2  -  SBMOP  +  1POOP/2  . 
690  -  64  -  189  -  46.  6  +  148 

= 

438  1b 

Pd 

= 

CF  +  SBM  +  IP/2  -  SBMOP  +  1  POOP/2 

690  +  64  +  189  -  46.  6  +  148 

= 

1044  lb 

Pe 

= 

CF  r-  SBM  -  IP/2  -  SBMOP  +  1  POOP/2 

690  -  64  -  189  -  46.  6  +  148 

= 

438  lb 

Pf 

= 

CF  +  SBM  -  IP  -  SBMOP  -  1POOP 

690  +64  -  378  -  46.6  -  296 

-66  lb 

REAR 

When  the  IP  in-plane  moment  is  negative  at  barrel  arm  No.  1, 


pa 

CF  -  SBM  -  IP  +  SBMOP  +  1POOP 

690  -  64  -  378  +  46. 6  +  296 

= 

590  lb 

Pb 

= 

CF  +  SBM  -  IP/2  +  SBMOP  -  1  POOP/2 

690  +  64  ■  189  +  46.  6  -  148 

= 

463  lb 

Pc 

= 

CF  -  SBM  +  IP/2  +  SBMOP  -  1POOP/2 

690  -  64  +  189  +  46.  6  -  148 

= 

714  lb 

Pd 

= 

CF  +  SBM  -  IP/2  +  SBMOOP  -  1POOP/2 
690  +  64  -  189  +  46.  6  -  148 

c 

463  lb 

Pe 

- 

CF  -  SBM  +  IP/2  +  SBMOOP  -  1  POOP/2 
690  -  64  +  189  +  46.  6  -  148 

m 

714  lb 

Pf 

- 

CF  +  SBM  +  IP  +  SBMOOP  +  1POOP 

690  +64  +378  +46.6  +296 

m 

1475  lb 
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REAR 


When  the  IP  moment  is  positive  at  barrel  arm  No.  1, 


pa 

CF  -  SBM  +  IP  +  SBMOP  -  1POOP 

690  -  64  +  378  +  46. 6  -  296 

= 

7451b 

Pb 

= 

CF  +  SBM  +  IP/2  +  SBMOP  +  1  POOP/2 

690  +  64  +  189  +  46. 6  +  148 

= 

1173  lb 

pc 

= 

CF  -  SBM  -  IP/2  +  SBMOP  +  1  POOP/2 

690  -  64  -  189  +46.6  +  148 

= 

632  1b 

Pd 

= 

CF  +  SBM  +  IP/2  +  SBMOP  +  1  POOP/2 

690  +  64  +  189  +  46. 6  +  148 

= 

1173  lb 

pe 

= 

CF  =  SBM  -  IP/2  +  SBMOP  +  1  POOP/2 

690  -  64  -  189  +  46. 6  +  148 

= 

632  lb 

pf 

= 

CF  +  SBM  -  IP  +  SBMOP  -  1POOP 

690  +  64  -  378  +  46.  6  -  296 

136  lb 

These  summation  totals  are  illustrated  in  Figures  52  and  53. 

Taking  these  loads  and  solving  for  Fi  and  F£  and  resolving  them  along  with  Pj 
and  P2  into  forces  in  the  X  and  Y  directions  allows  an  investigation  of  the 
curved  beam  between  the  branches  in  Figure  50. 

The  area  of  section  (A-A)  in  Figure  54  is  given  by 

At  2  it  Rd  (aq\ 


The  neutral  axis  is  found  from 


h  - - 

log 

where  h  =  distance  from  the 
The  bending  stress  is  given 


R  -  d 

^ZT) 

VR  -  c  ' 


(Reference  2) 


centroid  to  the  neutral  axis. 


by 


<b  =  K 


MY 


(43) 
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Figure  52.  3-Blade  Crossed  Tube  Barrel  Front  Section  Element. 
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Figure  53.  3-Blade  Croased  Tube  Barrel  Rear  Section  Element. 
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Figure  55.  Center  Disc  Loading  Di&jram. 
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(52) 


srb 


The  distribution  of  loads  between  the  disc  and  beam  is  then  found  by 


FX(TOT)  ‘  FX  +  FXB  <53> 

FXB  (56) 

srb 

These  equations  can  now  be  used  to  determine  the  load  that  causes  the  moment  in 
equation  (44). 


Analysis  of  the  Front  and  Rear  Rir 


Because  of  time  limitations  on  the  amount  of  analysis  that  can  be  done,  the  3-blade 
crossed  tube  barrel  was  not  analyzed  by  H153.  Instead,  the  data  acquired  for  the 
3-blade  spherical  barrel  are  used,  introducing  only  a  slight  error  because  of  minor 
geometry  differences.  The  values  of  stresses  given  for  the  spherical  barrel  design 
are  intuitively  lower  than  those  that  would  be  found  for  the  crossed  tube  when  full 
loads  are  applied;  however,  there  will  be  a  load  share  in  the  crossed  tube  which 
effectively  reduces  the  stress  loads.  This  load  share  is  discussed  in  the  next  sec¬ 
tion.  It  is  assumed,  then,  that  the  stress  level  tor  the  front  and  rear  rings  of  the 
crossed  tube  barrel  is  approximately  equal  to  that  of  the  spherical  barrel  (see  the 
3-Blade  Spherical  Barrel  Values  Analysis  section). 


The  Load  Share  of  the  Centerbody  to  the  Front  and  Rear  Rings 


Figure  56  is  a  plot  of  spring  rate  ratios  versus  load  share  between  the  rings  and 
centerbody  from  the  4-blade  crossed  tube  analysis.  The  spring  rate  ratio  is  the 
spring  rate  of  the  centerbody  divided  by  the  spring  rate  of  the  intersecting  barrel 
arm.  From  assumption  3,  this  curve  is  applied  to  the  3-blade  barrel  analysis. 
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PERCENT  OF  LOAD  SHARE  ON  CENTER  BOO  Y 


so  that  the  load  share  is  then  approximately  a  20-80%  combination.  (20%  of  the 
centrifugal  load  is  assumed  to  be  effective  on  the  centerbody  and  80%  on  the  front 
and  rear  rings.  The  in-plane/out-of-plane  load  split  is  kept  the  same  as  in  the 
4-blade  barrel  analysis,  60%  in-plane  and  40%  out-of-plane  effective.)  The  total 
loads  are  now  revised  to  reflect  this  share : 

P  (CF)  =  130  lb 

P  (SBMIP)  =  38.4  1b 

P(SBMOP)  =  18.2  1b 

P  (1PINP)  =  ±  227  lb 

P  (1POOP)  =  ±  118  lb 
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Summing  as  before  to  obtain  the  various  combinations,  Figures  52  and  53  are  re 
vised  as  shown.  The  maximum  combination  is 

Pi  =  219  lb 
P2  =  359  lb 

which  gives  forces 

Fx  =  359  lb 
F2  =  25  lb 
Fx  =  289  lb 
Fy  =  289  lb 

Referring  to  Figure  57,  Fx  is  applied  to  the  curved  beam  and  the  stress  is  calcu 
lated  from  equation  (47), 

where  M  =  FXY  =  10.1  in. -lb 

Y  =  R  -  R  cos  30 
K  =1.1  (Reference  3) 
h  =  0.008  in. 
t  =  0.135  in. 
b  =0.35  in. 

I  =  0000716  in. 4 
A  =  0.04725  in.2 
I  (NA)  =  0.0000746  in. 4 

Then, 

fb  =  11,000  psi  max  (56) 

The  minimum  stress  is  calculated  the  same  way  using 

Px  =  -204.8  1b 
P2  =  -  99.0  lb 

From  equation  (44), 

ffc,  =  -4600  psi  min  (57) 
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The  total  stress  is  then 


=  3200  ±  7800  psi  at  the  centerbodv  (58) 

The  margin  of  safety  is  ample. 

The  approximate  maximum  stress  in  the  front  ring  is  then 

I*,  *  15.  000  ±  15,  000  psi  (59) 

(This  stress  is  approximated  from  the  3-blade  spherical  barrel  analysis.) 
The  margin  of  safety  (MS)  for  this  stress  is 

MS  •  (26.000/15,000)  -1  -  0.  735  (60) 

The  barrel  arm  analyses  are  common  to  all  of  the  3-blade  barrel  designs. 


Figure  57.  Curved  Beam  Load  Schematic. 


Ill 


As  previously  stated,  the  deflection  limit  of  0.008  in.  was  based  on  producing  a 
gross  barrel  spring  rate,  out  of  plane,  of  approximately  200  million  lb/in.  Local 
barrel  arm  and  retention  ball  effects  have  reduced  the  barrel  spring  rate  to  about 
300  million  lb/in.  Since  a  boron  blade  has  not  been  designed  in  conjunction  with  the 
barrels,a  specific  spring  rate  requirement  can  not  be  determined.  In  the  subse¬ 
quent  design  of  a  blade,  it  may  be  necessary  to  add  material  to  the  barrel  arms  to 
obtain  the  foundation  stiffness  required  for  the*  blade. 

The  results  of  the  design  of  the  six  barrels  are  summarized  in  Table  XVI  in  terms 
f  minimum  margins  of  safety,  weight,  spring  rate,  relative  machinability,  and 
relative  forgeability. 
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TABLE  XVI.  BARK*  L  SI  MMARY 
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Numbers  (1,  2, and  3)  Indicate  the  relative  ease  associated  with  fabricating  the  various  barrel 
configurations.  The  higher  the  number,  the  more  difitcult  the  particular  operation. 


MAIN  BEARING  DESIGN  AND  ANALYSIS 


The  stiffness  of  the  propeller  mounting  system,  which,  in  part,  is  influenced  by 
the  tailshaft  and  main  bearing  assembly,  is  a  very  important  design  consideration. 
The  overall  stiffness  is  used  to  define  the  whirl  -  flutter  divergence  speed  of  the 
aircraft  as  well  as  the  critical  speed  behavior  of  the  propeller-test-rig  assembly. 

In  addition,  the  mounting  stiffness  is  influential  in  defining  the  propeller  blade 
critical  speeds  which  are  not  reactionless.  This  includes  the  whirl  and  symmetri¬ 
cal  modes  of  the  propeller  disc. 

To  establish  a  lightweight  bearing  and  housing  combination,  it  is  necessary  to  de¬ 
sign  both  items  simultaneously  in  a  reiterative  process.  The  basic  bearing  con¬ 
figuration,  a  high-contact-angle  back-to-back  tapered  roller  bearing,  was  chosen 
because  of  Itr  ability  to  support  the  loads  and  to  be  lighter  than  other  bearing  ar¬ 
rangements.  The  housing  was  also  made  lightweight  by  tailoring  it  to  the  bearing 
loads. 

The  bearing  and  housing  are  exposed  to  a  variety  of  loading  conditions,  which  had 
to  be  resolved  into  basic  loads  to  facilitate  a  bearing  life  calculation.  The  spec¬ 
trum  of  loads  is  due  to  the  shaft  IP  moments  for  several  flight  modes  (Table  XVII )• 

To  determine  an  e<*ii valent  moment  due  to  the  various  »light  modes,  which  are 
moments  thst  vary  in  magnitude  but  not  in  direction,  the  following  equation  was 
used: 


MME  *  ^  Z  M*/t  t  (61) 

where  is  the  mean  effective  shaft  IP  moment  (in.  -lb),  M  is  the  moment 

(In.  -lb),  and  t  is  the  duration  of  the  moment  in  sec. 

The  development  of  the  mean  effective  shaft  IP  moment  can  be  seen  in  Table  XVII. 
From  Table  XVII,  it  also  can  be  seen  that  the  maximum  shaft  IP  moment  is 
194,500  in. -lb. 

The  other  load  that  was  used  in  conjunction  with  the  shaft  IP  moment  is  the  thrust 
load.  IXie  to  the  lack  of  thrust  data  for  the  USAAVLABS  propeller,  an  approxima¬ 
tion  had  to  be  made.  This  was  done  with  thrust  data  from  tne  XC-142  aircraft, 
which  has  a  flight  envelope  compatible  with  that  of  the  USAAVLABS  aircraft,  in 
the  following  manner: 
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TABLE  XVII. 

DETERMINATION 

OF  MEAN  EFFECTIVE  SHAFT  IP  MOMENT 

Maneuver  Shaft  : 

l  P  Moments 

Load 

Airspeed 

Factor 

Shaft  Moment 

Cycles 

(KEAS) 

N* 

(in.  -lb) 

x  106 

150 

1.5  g 

108.000 

11.92 

2.0  g 

152,000 

0.593 

2.5  g 

194,500 

0.031 

1.5  g 

52,000 

11.85 

2.0  g 

84,500 

0.593 

250 

2.5  g 

117.000 

0.03 

3.0  g 

149,500 

0.018 

3.  5  g 

181,500 

0.UO2 

1.5  g 

6,050 

11.1 

2.0  g 

27,500 

0.555 

350 

2.5  g 

47,500 

0.0295 

3.0  g 

70,000 

0.018 

3.5  g 

91,000 

0.0022 

Mean  Effective  Maneuver  Shaft  IP  Moment 

Flight  Mode 

-  80.900  in. -lb. 

1 P  Shaft  Moment 
(in. -lb) 

Duration 

Time) 

Climb 

107,000 

7 

Cruise 

35,000 

65 

High-Speed  Cruise 

20,000 

8 

Maneuver 

80,000 

8 

Dive 

43,000 

2 

Ground  Handling 

10 

Mean  Effective  Shaft  IP  Moment  -  56,000  in. -lb. 
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8,  590  lb  =  USAAVLABS  max  takeoif  thrust 
9,000  lb  =  XC-142  max  takeoff  thrust 
4,560  lb  -  XC-142  mean  effective  thrust 


QME  =  <4*  560/9,  000)(8,  590) 


Qme 


=  4,350  lb  USAAY'LABS  mean  effective  thrust 


Table  XVIU  shows  all  the  loads  used  to  size  the  barrel  retention  bearing  and  the 
support  housing. 


TABLE  XVin.  SIZING  LOADS 

Load  Condition 

Max  Load 

Mean  Effective  Load 

Thrust 

8,  590  lb 

4,350  lb 

Shaft  IP  Moment 

- 

194,500  in.  -lb 

56,000  in. -lb 

The  propeller  retention  bearings  size  was  established  by  using  the  Anti  Friction 
•  earing  Manufactures  Association  (AFBMA)  calculation,  a  computer  program 
for  ball  and  roller  bearings4,  and  the  following  parameters. 


A  bearing  B10  vacuum  melt  life  of  3000  hr  was  the  basic  design  consideration. 

The  size  and  location  of  the  itarrel  tailshaft  and  the  gear  train  limited  the  pitch 
diameter  of  the  bearing  to  between  11  and  12  in.  One  parameter  that  gieatly  in¬ 
creased  the  reiterative  bearing  calculatior  was  the  desire  to  minimize  hoising 
deflections,  due  to  the  bearing  loads,  with  as  little  weight  penalty  as  possible. 
This  combination  of  light  weight  and  low  d«  flections  was  accomplished  by  separat¬ 
ing  the  rows  of  rollers  to  enable  the  bearing  load  lines  to  intersect  at,  or  near, 
the  combined  bearing  and  bearing  support  housing  center  of  gravity,  thereby  low¬ 
ering  the  moment  thai  is  induced  into  the  housing  by  the  bearing  loads.  This  can 
be  seen  in  Figure  58. 
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Figure  58.  Main  Propeller  Retention  Assembly. 
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Figure  59  shows  the  last  reiteration  of  the  bearing  calculation  using  the  AFBMA 
method. 


Figure  59.  Determination  of  Equivalent  Radial  Load. 

6  =  bearing  contact  angle 
dm  *  bearing  pitch  diameter 
K  ■  distance  between  rollers  at  the  pitch  diameter 

From  Figure  59,  the  following  can  be  derived: 

Qe  =  (M/d)  cos  (90-  0)  +  Q 
and 

Pr  =  (M/d)  sin  (90- $  ) 

From  previous  reiteration,  let  the  following  be  true: 

6  =  50  deg  dm  *  11. 56  in. 

K  =  1.12  in.  M  =  56, 000  in.  -lb 

Q  =  4,350  lb 


(62) 

(63) 
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From  equations  (62)  and  (63), 

Qe  =  8,  830  1b  Pr  =3,760  lb 

The  AFBMA  equation  for  effective  radial  load  is  as  follows: 

Pe  =  XV  Pr  +  YP  (64) 

Since  Qe/Pr  is  greater  than,  or  equal  to,  1.5  tanfl  ,  equation  (64)  should  be 
rewritten  as  follows : 

Pe  -  (0. 4)(1.0)  Pr  +  (O.4)(cot0  )Qe  (65) 

By  substituting  in  equation  (65), 

Pe  *  4.460  lb 

Bearing  Dynamic  Capacity 

From  previous  reiteration,  let  the  following  be  true: 

D  «  0. 3990  in.  (roller  mean  diameter) 

Le  =0.45  in.  (roller  effective  length) 

Z  =69  (number  of  rollers) 

1  =1  (number  of  rows) 

0  « 50* 


Since  O  cos  8  /dm  =  0. 022, 
then  Fc  *  4100,  per  AFBMA  curve. 


The  AFBMA  dynamic  capacity  equation  is  as  follows: 


CB  =  Fc(ILe  cos#  ) 


0.778 


z°-75d1075 


By  substituting  in  equation  (66), 
CB  =  13,930  lb 


The  AFBMA  life  equation  for  roller  bearings  is 
Li  =  (CB/P)3*33  (16, 667/rpm) 

By  substituting  in  equation  (67), 

Li  =  630  hr  (B10  air  melt  highest  loaded  row) 


(66) 


(67) 
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Using  a  factor  of  5  for  consumable  vacuum  melt  material,  the  bearing  life  is  3150 
hr. 

A  bearing  computer  program^  was  used  also  to  bracket  the  bearing  life.  The  pro¬ 
gram  yielded  a  755-hr  BIO  air  melt  life  for  the  highest  loaded  row. 

The  difference  in  the  two  lives  is  due  to  the  computer's  giving  a  more  exacting  cal¬ 
culation  than  the  general  bearing  equation,  and  the  former  also  takes  into  ac¬ 
count  housing  stiffness. 

The  preceding  bearing  lives  were  estimated,  assuming  that  the  proper  amount  of 
lubrication  would  be  present  to  carry  away  the  heat  generated  by  the  bearing.  The 
power  lo  >s  in  a  bearing  is  a  function  of  the  torque  required  to  rotate  a  bearing  in 
both  its  loaded  and  unloaded  state.  This  is  the  basis  for  the  following  calculation: 

To  =  fo  P  (dm)3(  nw/P)0.  66  (Reference  5)  (68) 

where  Tq  =  torque  required  to  rotate  an  unloaded  bearing 

fo  =  3-4  (per  row)  3  bearing  and  lubrication  factor 
P  =  0.01035  kg/mm^  =  difference  between  atmospheric  pres¬ 
sure  and  the  vaporization  pressure  of  oil 
dm  =  293.  5  mm  =  bearing  pitch  diameter 
n  =  3.  40.C.<1C-1^  kg/sec/mm“  =  dynamic  viscosity  of  oil 
=122  nid/sec  =  angular  velocity  of  bearing 

By  substituting  in  equation  (68), 

T0  =  23.6  in.  -lb  per  row  (69) 

also  Tj  =  fi  gi  Po  dm 

where  Tj  =  torque  required  to  rotate  a  loaded  bearing 

f]  =  0.0004-0.0005  =  bearing  design  factor 
gj  =  1.68  =  loading  factor 
Po  =  1593  kg  =  static  equivalent  load 

By  substituting  in  equation  (69), 

Tj  =34.1  in. -lb  (highest  loaded  row) 

Tj  =17.3  in. -lb  (lightest  loaded  row) 

HP  =  T  (N/63,  000)  (70) 

where  HP  =  horsepower  required  to  rotate  bearing 

T  =  total  torque  =  98.  6  in.  -lb 
N  =1165  rpm 
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Hw  fcarrs-pwref  to**  l«  abtolAcd  from  c*fu*lic*t  (70), 

Ml*-  ».« 

I.  «3  borsepowvr  -  77.  ft  tUu  /mla 

In  an*  minute,  •  quart  of  M1L-1/-7S08  at  225*  F  will  absorb  48  Btu,  fora  50°  F 
temperature  rise. 

Required  otl  flow  «  1.0  qt/mto 

An  Investigation  waa  made  to  establish  a  bearing  material.  Two  materials  were 
found  to  be  acceptable,  S2CB  and  E9310,  both  of  which  are  consumable  electrode 
vacuum  melt  steel.  The  E9310  material  was  chosen  as  the  final  bearing  material 
because  of  Its  being  a  case-hardened  steel  and  Its  availability.  A  case-hardened 
material  will  prevent  the  propagation  of  surface  cracks,  because  of  the  hardness 
difference  between  the  surface  and  core  material.  Due  to  this  bearing's  having  a 
small  cross  sectloo  and  a  large  diameter,  the  bearing  races  under  a  load  will  tend  to 
distort;  a  case-hardened  steel  will  take  more  of  this  distortion,  without  being  over¬ 
stressed,  than  a  through-hardened  steel. 

Bearing  roller  retainer  material  was  also  investigated.  Among  the  materials 
studied  were  beryllium  copper  and  stamped  silver-plated  steel.  The  stamped 
silver-plated  steel  cage  was  chosen  over  the  beryllium  copper  based  on  the  recom¬ 
mendation  of  the  proposed  bearing  manufacturer.  The  bearing  will  have  to  be  test¬ 
ed  with  the  silver-plated  steel  cage  to  establish  its  adequacy.  From  the  manufac¬ 
turer's  experience,  it  is  believed  that  this  cage  is  adequate  for  this  bearing  instal¬ 
lation.  The  results  of  the  bearing  study  can  be  seen  in  Figure  60,  which  is  com¬ 
posed  of  the  basic  details  of  the  bearing  geometry  and  environment. 

The  bearing  support  housing,  as  shown  in  Figure  60,  consists  basically  of  a  ring 
supported  by  a  ribbed  cone.  This  housing  could  be  analyzed  by  Hamilton  Standard's 
Shells  of  Revolution  program,  H088,  as  if  there  were  no  ribs  on  the  cone.  To  be 
able  to  use  H088,  the  housing  was  modified  to  eliminate  the  ribs  but  to  maintain 
the  support  that  they  provide.  This  was  accomplished  by  taking  a  representative 
section  of  cone  and  rib  and  determining  its  moment  of  inertia  and  neutral  axis.  The 
rib  was  then  removed,  and  the  cone  was  thickened  until  it  had  the  same  moment  of 
inertia  as  the  ribbed  section.  The  thickened  cone  was  then  repositioned  so  that  its 
neutral  axis  coincided  with  that  of  the  ribbed  section.  The  housing  was  then  further 
modified  by  breaking  it  up  into  simple  geometric  parts.  The  results  of  the  housing 
modification  can  be  seen  in  Figure  61,  which  shows  the  housing  configuration  used 
in  H088  to  compute  the  housing  deflections  and  stresses. 
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gure  60.  Retention  Bearing, 


To  apply  the  loads  to  the  housing  in  a  manner  that  is  acceptable  to  H088,  the  loads 
had  to  be  represented  by  Fourier  series  harmonics  in  the  axial  or  radial  direction. 

The  thrust  load  produces  a  uniform  axial  and  radial  load  around  the  housing  at  the 
load  line  intersection  point,  which  was  represented  by  the  Oth  harmonic  in  the 
axial  and  radial  direction,  the  magnitude  of  which  was  determined  as  follows : 

Q  =  8590-lb  max  takeoff  thrust 

R  =  6. 25-in.  distance  from  housing  to  intersection  of  load  line 
6  =  50-deg  bearing  contact  angle 
C  =  circumference  at  load  line  intersection  point 
Q/C  =  219-lb/in.  axial  component 
N0  =  Z/tan0 -183- lb/in.  radial  component 

The  moment  also  produces  axial  and  radial  loads  around  the  housing,  at  the  load 
line  intersection  point,  but  they  are  not  uniform  as  in  the  case  of  the  thrust. 

The  axial  component  of  the  moment  is  represented  by  a  cosine  distribution  which  is 
the  1st  harmonic  type  of  load.  The  radial  component  is  not  any  basic  distribution; 
it  is  a  back-to-back  cosine  distribution  which  is  represented  by  superimposing  a 
Oth  harmonic  upon  the  2nd  harmonic.  Figures  62,  63,  64,  and  65  give  a  graphical 
representation  of  these  loads.  The  magnitude  of  moment  loads  was  determined  as 
follows : 


M  =  194,500-in.  -lb  max  shaft  IP  moment 
Po  =  max  load  in  a  cosine  distribution 
P0  =  2  (M/R) 

Pa  =  Pq/R  1,585-lb/in.  axial  component 
N0  =  Pa/tan#=  1,322-lb/ln.  radial  component 

The  modification  of  the  housing  geometry  and  the  loads  enabled  the  running  of  the 
thin  Shells  of  Revolution  program  (deck  H088). 

From  the  method  In  which  the  loads  were  inputed,  it  can  be  seen  that  the  restraint 
due  to  the  bearing  inner  race  and  the  barrel  tailshaft  was  not  taken  into  account; 
this  was  the  next  step  in  establishing  the  proper  bearing  housing  configuration. 

The  HO88  program  was  run  with  the  moment  and  thrust  loads  to  determine  how 
much  the  housing  would  deflect  without  the  inner  nee  and  tailshaft  restraint.  From 
this  run  it  was  found  that  the  stresses,  in  the  cone  area,  were  high.  A  deflection 
curve  was  plotted  for  the  radial  deflection  (Figure  66),  from  which  it  can  be  seen 


124 


RADIAL  LOAD 


INDIVIDUAL  HARMONICS 


SUMMATION  OF  HARMONICS 


6 


> 


Figure  64.  Development  of  the  Axial  Component  of  the  Moment  Load. 
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that  the  housing  has  a  radially  inward  deflection  in  a  plane  approximately  90  deg 
away  from  the  plane  in  which  the  moment  load  la  applied.  A  curve  was  also  plotted 
for  the  axial  deflection  (Figure  67).  Since  there  is  the  inner  race  and  tails  haft 
restraint  on  the  housing,  this  radially  inward  deflection  should  be  nonexistent  or  a 
much  smaller  value. 

To  accomplish  this,  a  restraining  load  was  applied  to  the  housing  90  deg  sway  from 
the  actual  loading.  The  magnitude  of  this  load  was  determined  by  knowing  the  de¬ 
flection  required  and  the  system  spring  rate.  The  effect  of  including  this  restrain¬ 
ing  force  was  to  reduce  the  stresses  and  deflections  in  the  main  housing. 

Figure  68  illustrates  the  radial  housing  deflection  with  the  Inner  race  and  tailshaft 
restraint.  Figures  69  and  67  represent  the  axial  deflections  with  and  without  the 
restraint,  in  the  ring  area  of  the  housing. 

To  determine  the  actual  stresses  in  the  cone  area  of  the  housing,  the  results  from 
H088  have  to  be  n  odified  to  account  for  the  difference  in  geometry  between  what 
was  used  in  KOft  nd  the  actual  housing  geometry.  Figure  70  shows  the  difference 
between  the  actual  housing  and  the  HO88  geometry  for  part  1  (see  Figure  61). 


PERPENOICULAR  DISTANCE  FROM  THE  HOUSING  NEUTRAL  AXIS 


Figure  67.  Axial  Housing  Deflection  (at  end  of  part  4),  No  Inner  'ace  Support. 
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PERPENDICULAR  DISTANCE  FROM  THE  HOUSING  NEUTRAL 


-0.001  0  0.001  0.002  0.003  0.004 

AXIAL  DEFLECTION  -  IN. 


Figure  69.  Axial  Housing  Deflection  (at  end  of  part  4),  Inner  Race  Support  Included. 
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The  actual  combined  bending  and  tensile  stresses  in  the  outer  fiber  of  the  T -section 
can  be  related  to  the  simulated  section  used  in  the  Shells  of  Revolution  program. 
Since  an  equivalent  moment  of  inertia  section  was  used,  the  longitudinal  stress  is 
directly  proportional  to  the  distance  from  the  neutral  axis;  this  assumes  that  the 
pure  tension  loading  also  increases  with  this  same  relationship,  which  it  does  not, 
thus  imposing  an  8%  error  on  this  assumption. 

The  maximum  longitudinal  stress  on  the  outer  fiber  is  calculated  to  be  17, 100  psi 
at  the  end  of  part  1. 

The  stresses  on  the  bottom  of  this  section  also  have  to  be  adjusted.  The  bottom 
fibers  of  the  housing  are  subjected  to  hoop,  shear,  and  longitudinal  stresses. 

The  stresses  on  the  outermost  bottom  fiber  per  HO88  are 


f2  =  2,767  psi 
fj,  =  2,  859  psi 
fs  =  3,743  psi 

The  c  ratio  for  the  bottom  is  0. 866. 

Since  both  shear  and  hoop  are  dependent  on  the  thickness  of  the  section,  they  should 

be  adjusted  by  the  thickness  ratio,  which  is  2.27. 

The  actual  stresses  on  the  bottom  of  the  housing  are 
fj  =  2,400  psi 
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%  =  «,490psi 
f,  =  8,500  psi 

at  tbe  end  of  part  1 . 

By  plottii*  these  stresses  on  Mohr's  Circle,  the  maximum  stress  of  13, 100  psi  Is 
obtained.  For  conservatism,  a  stress  concentration  factor  of  3  is  said  to  exist  in 
the  area  of  coocern.  This  results  in  a  maximum  stress  in  the  housing  of 
f  =  6, 500  i  19, 700  psi  with  a  margin  of  safety  of  0. 40. 


Ben  rit 


Summai 


The  main  propeller  mount  bearing  life  has  been  analysed  by  three  separate  methods. 
The  first  method  was  by  a  computer  program  which  analyses  the  maximum  loaded 
roller  In  determining  the  resultant  bearing  life.  The  second  method  was  by  use  of 
the  AFBMA  tapered  roller  bearing  analysis,  and  the  third  analysis  was  conducted 
by  the  proposed  bearing  manufacturer. 


Table  XIX  summarises  the  B10  vacuum  melt  life  for  the  bearing  as  calculated  by 
each  method. 


The  housing  was  designed  to  withstand  the  maximum  loads  imposed  and  has  a  re¬ 
sultant  margin  of  safety  of  0. 44.  The  analysis  has  confirmed  the  existence  of  a 
nonlinear  deflection  which  is  occurring  across  the  bearing.  A  static  test  would  as¬ 
certain  whether  the  magnitude  of  this  nonlinearity  will  have  any  effect  on  each  rol¬ 
ler  pattern. 

The  design  criterion  selected  for  the  mount  bearings  was  to  use  a  minimum  B10 
life  of  3000  hr,  based  on  the  AFBMA  life  calculation  adjusted  by  a  factor  of  5. 
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TITANIUM  GEAR  TOOTH  COATING  INVESTIGATION 
INTRODUCTION 

From  September  1965  through  June  1968,  Hamilton  Standard  conducted  a  develop¬ 
ment  program  to  determine  the  feasibility  of  utilizing  titanium  as  a  construction 
material  for  aircraft  power  gearing.  A  wear  protective  coating  evolved  out  of 
this  work  which  demonstrated  promise  of  enabling  titanium  gear  teeth  to  with¬ 
stand  Hertz  stresses,  bending  stresses,  and  sliding  velocities  comparable  to 
those  operating  environments  associated  with  conventional  carburized  steel  power 
gearing. 

The  basic  coating  consisted  of  a  number  of  titanium-nickel  intermetallic  layers 
which  were  formed  on  the  surfaces  of  titanium  gear  teeth  via  the  thermal  diffu¬ 
sion  of  a  thin  layer  of  electroless  nickel.  At  the  end  of  this  program  it  was 
believed  that  the  coating  parameters  (thickness  of  applied  electroless  nickel, 
diffusion  temperature,  and  diffusion  time)  associated  with  the  electroless  nickel 
process  had  been  optimized  and  that  significant  modifications  to  the  coating  tech¬ 
nique  would  be  necessary  if  load-carrying  capacity  were  to  be  improved. 

Endurance  testing  of  coated  gears  showed  a  Hertz  stress  limit  of  85, 000  to 
90,000  psl  with  a  finite  life  of  approximately  200  hr  (350  million  cycles).  The 
eventual  breakdown  of  the  coating  was  attributed  to  high  phosphorus-rich  zones 
(15-16%)  which  formed  within  the  titanium- nickel  intermetallic  layers  during  the 
diffusion  process.  The  presence  of  phosphorus  (7-9%)  is  inherent  in  the  electro¬ 
less  nickel  during  the  plating  process. 

In  June  1968,USAAVLABS  sponsored  a  component  feasibility  program  to  inves¬ 
tigate  two  proposed  approaches  for  developing  an  improved  wear  coating.  Both 
proposed  approaches  involved  elimination  of  the  element  of  phosphorus  from 
the  coating  system  and  were  to  be  investigated  concurrently  over  a  7-month  per¬ 
iod. 


One  approach  involved  applying  a  layer  of  pure  (phosphorus-free)  nickel  to  the 
gear  teeth  and  using  a  thermal  diffusion  process  similar  to  that  employed  during 
previous  development  work  with  electroless  nickel.  The  second  approach  made 
use  of  an  ion- sputtering  coating  technique  which  would  permit  direct  deposition 
of  the  titanium-nickel  intermetallic  compounds  on  titanium  gear  teeth,  thereby 
avoiding  the  requirements  of  high  thermal  treatments  after  coating. 

The  terms  "electroless  nickel"  and  "electrolytic  nickel"  have  reference  to  the  type 
of  plating  process  used  to  provide  a  layer  of  nickel  on  the  surfaces  of  the  titanium 
gear  teeth.  Nickel  that  is  applied  using  the  electrolytic  plating  process  is 
essentially  deposited  as  pure  nickel. 
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Nickel  that  ts  applied  using  tbs  else*  roles*  plating  process  Inherently  contains 
from  7  jo  0  percent  phosphorus  In  the  nickel  coating  due  to  the  composition 
requirements  for  the  electroless  nickel  plating  bath. 

BACKOKOUNP  OP  TEST  PROGRAM 


Gear  Design 

Two  spur  gear  designs  were  employed  to  evaluate  potential  wear  coatings.  All 
test  gears  were  2.  5-In.  pitch  diameter  with  a  0.  25-in.  face  width.  Both  8-pitch 
(20-teeth)  and  12-pitch  idO-teeth)  gears  were  employed.  Tho  8-pitch  gear  had  a 
high  ratio  of  Herts  stress  to  bending  strops,  while  thta  ratio  for  the  iz-pltch  gear 
was  more  representative  of  actual  full-scale  gearing.  The  two  gear  configura¬ 
tions  permitted  Hertz  stress  and  bending  stress  capacity  to  bo  evaluated  inde¬ 
pendently.  Detailed  drawings  of  the  test  gearing  are  shown  in  Figures  71  and  72. 
Both  types  of  test  gearing  Incorporated  involute  profile  modifications  based  on  a 
torque  loading  that  would  produce  a  Herts  stress  of  100,000  psi.  (This  Hertz 
stress  corresponds  to  a  tooth  load  of  24c  !b/in.  for  the  f  pitch  gear  and  227  lb/ in. 
for  the  '  2-pi' '*h  p-s  r). 

Test  Gear  Load  Data 


Load  data  for  the  teat  gearing  are  plotted  in  Figure  73.  Note  that  Hertz  stress 
for  the  steel  gearing  la  greater  than  that  for  the  titanium  gearing  for  a  given 
torque  loading.  This  la  due  to  the  difference  in  moduli  between  the  two  materials. 
Phe  method  used  to  calculate  tooth  loads  is  given  In  Appendix  I. 

lest  Facility 

A  detail**!  description  ol  the  test  rig  used  for  evaluating  the  test  gearL is  given 
u.  the  Plan  of  Test  (see  Appendix  U).  Phot  'graphs  of  the  lest  facility  are  shown 
lit  Figures  7  i  and  7  6.  The  rig  was  design*  such  that  the  loading  conditions 
Hurts  stress,  homing  stress,  and  pitch  1.  •  velocity i  of  full-scale  power  gearing 
•••Ud  be  simulated  using  the  2.5-in.  pitch  ameter  test  gearing. 

COATING  INV ESTIGATION 


Investigation  of  a  Phosphorus- Free  Diffused  Nickel  Coating 
Plating 

Prior  to  Initiating  work  reported  heroin,  Hamilton  Standard  had  developed 
u  technique  of  applying  a  well-bonded  layer  of  pure  nickel  on  a  flat  titan¬ 
ium  surface  ualng  an  electrolytic  plating  process.  This  technique  was 
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Figure  71.  12- Pitch  Titanium  Teat  Oear 
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Figure  74.  Four-Square  Gear  Tester 
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utilized  to  plate  titanium  gear  teeth  and  required  eome  development  effort 
in  adjusting  the  plating  conditions  pnode  geometry,  ourreet  density,  etc. ) 
to  make  the  plating  prooesa  suitable  lor  gear  teeth  application.  Several 
gears  were  plated  suooessfully  with  pure  niokel. 

Diffusion 


Initial  diffusion  investigations  with  segments  of  electrolytic  nickel-plated 
gears  revealed  adhesion  problems  which  had  not  been  encountered  with  the 
diffusion  of  electroless  nickel.  At  diffusion  temperatures  up  to  1860*  F, 
severe  blistering  was  found  to  occur  primarily  in  the  roots  of  the  gear 
teeth.  Metallurgical  investigations  showed  that  the  delamlnatlon  occurred 
at  some  point  during  the  diffusion  process;  I.  e. ,  the  Intermetalllo  layers 
began  to  form  but  not  in  sufficient  magnitude  to  prevent  delamlnatlon.  In* 
vestlgatlons  of  higher  diffusion  temperatures  (I6S0*F  and  up)  showed  that 
delamination  could  be  avoided.  At  16508  F,  sufficient  thlofcneee  of  the 
T12N1  lntermetallic  layer  (which  forms  next  to  the  base  material)  could  be 
formed  and  thus  prevent  delamlnatlon  during  the  oooldown  cycle. 

It  was  also  apparent  that  the  diffusion  rate  of  pure  niokel  was  much  slower 
than  that  of  electroless  nickel  .  This  difference  in  the  rate  of  diffusion  Is 
believed  to  be  a  result  of  phosphorus*  combining  with  the  niokel  (In  the  elec¬ 
troless  nickel  process)  to  cause  exothermal  reactions  and  thus  produoe 
spike  temperatures  within  the  lntermetallic  layers  during  the  diffusion  pro¬ 
cess. 

Hardness 


Hardness  traverses  of  specimens  heat  treated  at  1680®  F  revealed  that  the 
hardness  levels  were  considerably  lower  (Rc  30)  than  those  previously  ob¬ 
tained  with  the  diffused  electroless  nickel  (Rc  60  -  Rc  70).  Although  It  was 
theoretically  possible  to  raise  the  hardness  of  the  tnterinetalllcs  after  dif¬ 
fusion,  it  was  deemed  to  be  not  practical  because  of  the  necessity  to  heat 
coated  parts  in  a  vacuum  (to  prevent  oxidation  of  the  titanium)  to  a  temper¬ 
ature  above  the  desired  diffusion  temperature  (1650°  F)  and  then  to  quench 
the  part  in  oil. 

Investigation  of  a  Duplex  Diffused  Nickel  Coating 

At  this  point  in  the  program,  an  alternate  coating  approach  was  investigated 
which  consisted  of  applying  a  thin  layer  of  electroless  nickel  and  then  a  layer  of 
pure  (electrolytic)  nickel  to  the  gear  teeth  prior  to  diffusion.  The  reasoning  be¬ 
hind  this  approach  was  that  the  electroless  nickel  would  provide  good  adhesion 
and  hardness  for  the  lntermetallic  layers  during  diffusion,  the  layer  of  pure  nickel 
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would  absorb  some  of  the  phosphorus  In  the  electroless  nickel  during  diffusion  and 
thus  would  provide  a  means  of  reducing  the  overall  phosphorus  content  of  the  inter- 
metallic  ooatlng. 


Selection  of  Coating  Parameters  for  Duplex  Diffused  Nickel  Coating 

A  scrap  30-tooth  titanium  gear  was  plated  using  the  duplex  system  (0. 4  mil 
of  electroless  nickel  plus  1. 0  mil  of  pure  nickel).  An  as-plated  gear  tooth 
Is  shown  In  Figure  78.  It  should  be  noted  that  the  thickness  of  electroless 
nickel  Is  quite  uniform,  while  the  thickness  of  pure  nickel  varies  from 
approximately  1.2  mils  at  the  root  to  1.6  mils  at  the  tip.  The  variation 
In  thickness  of  the  pure  nickel  Is  due  to  the  fact  that  it  is  deposited  "elec- 
trolytlcally".  This  would  be  expected  In  plating  a  gear  tooth  shape  using 
this  type  of  plating  technique.  However,  the  rati>  at  whiob  the  lntermetalllc 
layers  form  during  diffusion  Is  Independent  of  the  thickness  of  pure  nickel 
(as  long  as  the  supply  of  nickel  on  the  gear  tooth  surfaoes  Is  not  exhausted); 
therefore,  a  uniform  lntermetalllc  ooatlng  Is  produced.  Excess  (undlffused) 
nickel  Is  removed  after  the  diffusion  cycle. 

Hardness  of  Duplex  Diffused  Nickel  Coating 

Segments  cut  from  a  duplex-nickel-plated  30-tooth  gear  were  subjected  to 
diffusion  cycles  of  1450°F  for  4  hr  and  1550* F  for  1  hr.  The  results 
of  this  Investigation  revealed  excellent  adhesion  and  substantially  higher 
hardnesses  than  previously  experienced  with  the  diffusion  of  pure  nickel 
alone  Into  titanium.  Hardness  rose  from  Rc  30  with  pure  nickel  to  Rc  44 
at  a  diffusion  temperature  of  1450°F  and  to  Rc  58  at  a  diffusion  temperature 
of  1560°  F  with  the  duplex-coating  approach. 

A  duplex  nickel-plated  gear  tooth  segment  diffused  at  1550° F  for  1  hr  Is 
shown  In  Figure  77.  Note  layer  Identification  and  hardness. 

Additional  Investigations  (using  titanium  tab  specimens)  were  made  to  eval¬ 
uate  hardness  and  layer  formations  resulting  from  various  combinations  of 
plating  thicknesses  and  diffusion  cycles.  From  this  study,  three  sets  of 
coating  parameters  were  chosen  for  evaluation  on  actual  test  gearing.  The 
specific  coating  procedures  used  for  the  Initial  test  gear  evaluations  are 
discussed  In  a  later  section  on  Process  Optimization  Testing. 

Removal  of  Excess  (Undlffused)  Nickel 

All  of  the  thermally  diffused  nickel-coating  processes  investigated  by  Ham¬ 
ilton  Standard  have  had  one  thing  in  common.  A  thin  layer  of  nickel  remains 
on  the  surface  after  the  diffusion  process,  and  it  has  been  found  necessary 
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Figure  77.  Duplex  Nickel-Plated  Gear  Segment  -  1550°F,  1  Hour. 


to  remove  this  outer  layer  in  order  to  have  the  tUtnium- nickel  intermetallic 
layers  serve  as  the  wearing  surface.  With  the  electroless  nickel  process, 
the  excess  nickel  was  hard  and  brittle  and  coaid  be  adequately  removed  by 
shot  penning.  With  the  electrolytic  pore)  nickel,  the  excess  nickel  was 
relatively  soft  and  bed  to  be  removed  chemically.  The  duplex  nickel  pro¬ 
cess,  being  a  combination  of  both^lad  to  an  invent Iptloa  of  both  shot  penning 
and  chemical  etching  in  order  to  determine  the  best  method  of  removing  ex¬ 
cess  nickel  with  this  coating  process. 

The  investigation  for  removing  excess  nickel  was  carried  out  simultaneously 
with  the  preparation  of  the  initial  eat  of  tast  gearing.  Gears  8/N  114  and 
S/N  215  were  ooated  with  0.4  mil  ef  electroless  nickel  plus  1.0  mil  of  purs 
nickel  end  were  sub)ected  to  s  1550*  F  1-hr  diffusion  cycle.  A  gear  seg¬ 
ment  consisting  of  3  teeth  (see  Figure  78)  was  processed  simultaneously 
with  these  gears  to  serve  as  a  test  piece  for  determining  the  beet  method 
of  removing  the  excess  nickel. 


Figure  78.  Sketch  of  a  Goar  Segment. 


Tooth  No.  3  in  Figure  78  was  shot-peened  (0. 010-in.  -diameter  steel  shot  at 
80  pel)  for  approximately  10  min.  This  resulted  la  complete  removal  of 
the  excess  nickel  an  the  sides;  however,  a  small  patch  of  nickel  remained  at 
the  center  of  the  wearing  surface  of  the  tooth  which  could  sot  be  removed. 
Tooth  No.  1  and  tooth  No.  2  were  etched  in  40%  HNOj  for  2  hr  sad  4  hr, 
respectively. 

A  photomicrograph  of  this  gear  segment  revealed  that  both  the  2- hr  and 
4- hr  etching  cycles  removed  all  excess  nickel  while  1st  ring  the  late  metal¬ 
lic  layers  intact.  A  corner  of  tooth  No.  2  after  etching  is  shown  in  Figure 
79a.  That  portion  of  tooth  No.  3  that  retained  some  exoess  nickel  after 
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(a) 

Titanium  gear  segment  -  Etched 
4  hr  in  40%  HNO3  to  remove 
excess  (undiffused)  nickel  after 
1550°F  1-hour  heat  treatment. 
(500X) 


(b) 

Titanium  gear  segment.  Excess 
nickel  partially  removed  by 
peening  after  1550*F  1-hour 
heat  treatment. 

(500X) 


(c) 

Titanium  gear  segment.  Corner 
of  tooth  broken  thru  intermetal- 
lic  layers  after  peening  to 
remove  excess  nickel. 

(500X) 


Figure  79.  Removal  of  Excess  Nickel  After  Diffusing 
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peening  is  shown  In  Figure  79b.  (The  apparent,  separation  of  the  patch  of 
exceae  nickel  la  due  to  preparation  of  the  mlcrosectlon  of  the  gear  tooth. ) 

A  corner  of  tooth  No.  3  after  peening  la  shown  in  Figure  79c.  Comparing 
Figures  79a  and  79c,  It  la  noted  that  the  intermetallio  coating  was  broken 
away  from  the  corners  of  the  peened  gear  tooth,  while  the  coating  on  the 
corners  of  the  etched  teeth  waa  undamaged. 

Baaed  on  the  above  Invest lagt  Ion,  the  exoess  nickel  on  gears  S/N  214  and  S/N 
215  waa  removed  chemically  using  the  2-hr  etch.  All  subsequent  duplex 
nickel-plated  gears  were  processed  similarly.  After  etching,  all  gears 
were  shot-peened  (0. 010- In. -diameter  steel  shot  at  45  pal)  in  order  to  retain 
the  benefit  of  improved  fatigue  strength.  However,  note  that  the  peening 
intensity  was  reduced  from  that  normally  used  for  removing  excess  nickel 
in  order  to  avoid  damage  to  the  lntermetalllc  layers  at  the  corners  of  the 
gear  teeth. 

A  detailed  description  of  the  coating  procedure  used  to  coat  test  gearing  is 
given  in  Appendixes  in  and  IV. 

Inv  itigation  of  Ion-Sputtered  Titanium-Nickel  lntermetalllc  Coatings 

A  coating  technique  known  as  "ion  sputtering"  offered  a  means  of  coating  titanium 
with  the  same  titanium-nickel  lntermetalllc  compounds  as  obtained  via  the  ther¬ 
mal  diffusion  of  nickel  plate.  The  following  potential  advantages  of  the  ion- 
sputtering  approach  made  it  desirable  to  evaluate  this  type  of  coating  process: 

1.  High  thermal  treatments  (which  degrade  base  material  fatigue  strength) 
could  be  avoided. 

2.  Coating  thickness  would  not  necessarily  be  limited  to  0. 001  in.  as  is 
the  case  with  diffused  nickel. 

3.  The  intermetallics  would  be  compositionally  correct  and  could  be  ap¬ 
plied  individually  or  in  combinations  to  gear  tooth  surfaces. 

4.  Phosphorus  would  not  be  present  in  the  coating. 

How  Ion  Sputtering  Works 

The  schematic  of  an  ion-sputtering  facility  shown  in  Figure  80  provides  a 
basic  description  of  how  the  process  works.  A  chamber  is  evacuated. 

Argon  is  then  introduced  into  the  chamber,  providing  a  partial  atmosphere 
of  the  gas.  A  target  (coating  material)  and  a  substrate  (titanium  gear) 
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Figure  80.  Schematic  of  an  RF  Sputtering  System. 


have  been  placed  in  the  chamber.  A  voltage  potential  is  placed  between  the 
target  (cathode)  and  the  substrate  (anode).  Electrons  are  drawn  from  the 
target  material  which  collide  with,  and  ionize,  the  argon  atoms,  giving  them 
a  positive  charge.  The  positively  charged  argon  atoms  strike  the  target 
material  with  sufficient  velocity  to  dislodge  atoms  of  the  target  material. 

The  dislodged  target  atoms  in  turn  move  toward  the  substrate  (titanium 
gear)  and  strike  the  substrate  with  sufficient  momentum  to  effect  excellent 
adhesion  to  the  substrate.  The  result  is  a  well-bonded,  uniform,  dense 
layer  of  target  material  formed  on  the  substrate. 

Tab  Studies 


Titanium  tabs  (2. 5  in.  x  0. 5  in.  x  0.04  in.  thick)  were  utilized  to  establish 
sputtering  rates  for  the  titanium-nickel  interm  jtallic  compounds  and  also 
served  to  evaluate  coating  hardness.  Bond  strength  of  ion-sputtered  coat¬ 
ings  was  evaluated  via  standard  bend  tests. 

The  target  materials  used  for  the  initial  development  work  were  in  the  form  of 
hot-pressed  powdered  discs  (4- in.  dia  x  0. 25  in.  thick).  The  characteristics  of 
the  three  interm etallics  when  applied  to  titanium  tabs  are  summarized  in  Table  XX. 


TABLE  XX.  CHARACTERISTICS  OF  ION-SPUTTERED  COATINGS 


Intennetallic 

Coating 

Hardness 

Rc 

•Bond  Strength 

Thickness 

(mil) 

TiNi3 

30 

Excellent 

0.95 

Ti2Ni 

52 

Excellent 

0.94 

TiNi 

60 

••Good 

0.80 

•Bond  strength  considered  to  be  excellent  if  no  cracking  of  the  coated  tab  speci¬ 
men  occurred  when  bent  through  an  angle  of  105  deg. 

••Fine  cracking  observed  with  these  specimens  after  bending  through  105  deg. 


Coating  of  Test  Gears 

Based  on  the  evaluations  of  ion-sputtered  tabs,  four  gears  were  processed 
for  rig  evaluation.  One  set  (S/N  116  and  S/N  121)  was  coated  with  TI2NI. 
The  second  set  (S/N  117  and  S/N  120)  was  coated  with  TiNi.  The  TiNi3 
was  felt  to  be  too  soft  to  Justify  its  evaluation  on  actual  test  gearing. 

With  the  exception  of  the  TigNi,  the  target  materials  used  in  the  hot-pressed 
powered  form  tended  to  disintegrate  after  prolonged  use  in  the  sputtering 
chamber.  Therefore,  the  gears  coated  with  TiNi  were  coated  using  a  target 
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manufactured  by  electron  beam  melting  procedures.  No  postcoating  heat 
treatments  were  employed  in  the  evaluation  of  ion-sputtered  coated  gears. 

The  specific  technique  employed  to  coat  gears  using  the  ion- sputtering  pro¬ 
cess  was  restricted  due  to  the  limitations  imposed  by  the  facilities  available 
at  the  time  to  coat  gears.  The  facilities  available  during  this  program  were 
considered  adequate  for  an  initial  feasibility  study  of  ion-sputtered  coated 
gears.  For  coating  work  conducted  under  this  program,  a  flat  target  (shape) 
had  to  be  utilized.  This  required  that  the  gear  to  be  coated  be  rotated  per¬ 
pendicular  to  the  target  during  the  coating  procedure.  This  arrangement 
is  shown  in  Figure  81. 


Figure  81.  Arrangement  Used  To  Sputter- Coat  Gears. 

During  the  initial  sputtering  work  with  tab  specimens,  it  was  found  that 
sputter  cleaning  (reverse  sputtering)  was  essential  for  titanium  (due  to  its 
instantaneous  oxidation  characteristics)  in  order  to  ensure  that  the  coating 
would  adhere  well  to  the  titanium  substrate.  Sputter  cleaning  was  ac¬ 
complished  by  placing  a  shield  between  the  titanium  and  the  target  material 
such  that  the  titanium  could  be  atomically  cleaned  prior  to  being  coated. 
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Once  the  desired  cleaning  had  been  accomplished,  the  shield  would  be  re¬ 
moved,  polarity  would  be  reversed,  and  the  coating  procedure  would  be 
initiated. 

With  the  titanium  tab  specimens,  this  cleaning  procedure  worked  quite  well 
because  all  of  the  major  components  were  stationary.  Hie  same  cleaning 
procedure  was  used  in  coating  the  actual  gears,  but  it  was  not  as  effective 
due  to  the  requirement  to  rotate  the  gear  during  both  the  cleaning  process 
and  the  coating  process. 

The  sputtering  rate  was  such  that  it  took  approximately  4  hr  to  deposit  1  mil 
of  the  coating  on  the  titanium  gear  teeth,  whereas  an  equivalent  coating 
thickness  could  be  deposited  on  stationary  tabs  in  90  min.  The  difference 
in  sputtering  rate  is  due  to  stationary  versus  rotating  substrates  and  is 
theoretically  affected  by  a  factor  of  tt  as  shown  by  the  following  series  of 
equations. 

The  sputtering  diagram  shown  in  Figure  82  is  useful  in  analyzing  the  differ¬ 
ence  in  sputtering  rates  for  stationary  and  rotating  substrates. 


ix 


2 
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Figure  82.  Sputtering  Rate  Diagram. 
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In  Figure  82, 

Rp  -  sputtering  rate  measured  using  s  flat  target  with  a  cylindrical 
rotating  substrate  (in*  /min) 

Rg  =  sputtering  rate  measured  at  any  pots*  an  the  surface  of  the  rotating 
cylinder  (In. /min) 

W  =  angular  velocity  of  the  cylinder  (rad/min) 

r  =  radius  of  the  cylinder  tin* ) 

e  =  angle  of  rotation  (rad) 

The  relationship  between  Rq  and  Rp  is  expressed  as 

Rq  =  Rp  cos  0  (71) 

The  total  thickness  of  coating  T|,  deposited  at  the  angle  0  ,  for  a  time  t, 
for  1  revolution  is 


For  an  extremely  small  coating  thickness, 
dT|  «  Rp  cos  0  dt 


where 


dt 


r  dO 

2»rw 


(72) 

(73) 

(74) 


Substituting  in  equation  (73), 

Rp  oos  0  de 


dT, 


2  *  w 


(75) 


The  thickness  of  coating  obtained  during  ooe  revolution  is  found  by  integrat¬ 
ing  equation  (75),  _ 

t.-  f*  Wfr,,;Je  ™ 
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The  total  thickness  of  coating  Tjj  for  many  revolution*  would  be 


Tn  =  Ti©t 

where  eT  =  the  total  angle  of  rotation  (rad) 

The  total  angle  of  rotation  is  then  expressed  as 


W) 


Qrj\  —  Ojt'p 


(78) 


where  tT  =  total  time  (sec) 


Substituting  in  equations  (76)  and  (77),  the  total  coating  thickness  for  a 
rotating  substrate  is  found  to  be 


(79) 


An  alternate  method  (not  used  during  this  program)  of  sputter  coating  gears 
is  illustrated  in  Figure  83.  This  type  of  an  arrangement  would  be  used  for 
any  future  work  with  ion-sputtered  coated  titanium  gearing. 


The  sputtering  arrangement  shown  in  Figure  83  uses  a  cylindrical  target 
material  shape  that  surrounds  the  gear  to  be  coated.  A  removable  cylindri¬ 
cal  shield  is  placed  between  the  target  ami  gear  to  permit  sputter  cleaning 
to  be  accomplished.  Several  improvements  (such  as  those  listed  below) 
would  be  expected  using  this  type  of  sputtering  arrangement  compared  to  the 
actual  arrangement  that  was  used. 


1.  Spattering  rates  could  be  o; '  imized.  (Sputtering  would  1  e  accom¬ 
plished  in  a  radial  directio-  thus  eliminating  the  need  tor  rotat¬ 
ing  the  part  to  be  coated. ) 

2.  Sputter  cleaning  could  be  effectively  accomplished  in  that  all  por¬ 
tions  of  the  gear  to  be  coated  would  be  simultaneously  subjected 
to  the  cleaning  process.  The  coating  of  the  gear  teeth  would  be 
initiated  in  a  similar  fashion. 

3.  Depending  on  the  particular  gear  configuration,  several  gears 
could  be  coated  simultaneously. 
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1.  Duplex  Diffused  Nickel  Coating  -  In  order  to  establish  a  basis  for 
selecting  specific  combinations  of  plating  thickness  and  diffusion 
heat  treatments  for  subsequent  evaluation  of  this  type  of  coating 
process  on  actual  titanium  gearing,  a  metallurgical  investigation 
was  conducted  using  titanium  test  panels  to  determine  the  effects 


of  these  process  variables  on  the  characteristics  of  the  inter- 
metallic  coating.  For  this  study,  two  combinations  of  duplex 
nickel-plating  thickness  were  used. 

a.  0. 4  mil  of  electroless  nickel  plus  1. 0  mil  of  pure  nickel 

b.  1.0  mil  of  electroless  nickel  plus  1. 0  mil  of  pure  nickel 

Photomicrographs  of  titanium  tabs  in  the  as-plated  condition  prior 
to  diffusion  are  shown  in  Figure  84. 

Titanium  test  panels  with  the  above  combinations  of  nickel  plating 
were  subjected  to  diffusion  temperatures  of  1450° F,  1550° F, 
1650°F,  and  1750°F.  At  the  1450°F  diffusion  temperature,  diffu¬ 
sion  times  of  4  hr,  8  hr,  and  12  hr  were  investigated.  The 
diffusion  rate  becomes  quite  rapid  at  temperatures  above  1450°  F; 
therefore,  the  diffusion  time  investigated  for  diffusion  tempera¬ 
tures  above  1450°F  was  maintained  at  1  hr.  Figures  85,  86,  87, 
and  88  contain  photomicrographs  of  the  various  microsections 
made  of  the  coated  titanium  tabs  after  diffusion. 

A  study  of  the  hardness  gradient  as  well  as  the  general  appearance 
of  the  diffusion  zone  obtained  with  titanium  tab  specimens  provided 
the  basis  for  selection  of  specific  process  parameters  for  subse¬ 
quent  gear  evaluations.  Maximum  hardness  at  the  surface  with  a 
steadily  decreasing  hardness  in  a  direction  toward  the  base  mater¬ 
ial  was  desirable.  In  several  cases,  a  soft  intermediate  zone  was 
found  to  exist  within  the  coating  such  as  shown  in  Figure  85b.  At 
diffusion  temperatures  of  1650°F  and  1750°F,  a  substantial 
amount  of  transformed  beta  material  had  formed  (see  Figures  87 
and  88).  This  was  considered  undesirable  for  a  gear  tooth  coating. 
Those  coatings  shown  in  Figures  86  ,  87a,  and  88a  were  selected 
for  evaluation  on  actual  test  gearing. 

2.  Ion- Sputtered  Coatings  -  Specific  titanium-nickel  intermetallic 
compounds  were  chosen  for  evaluation  on  actual  gearing  based  on 
the  thickness,  hardness,  and  adherence  of  the  coating  as  sputtered 
on  titanium  test  panels. 

Inspection  of  Test  Gearing 

Inspection  records  of  each  gear  as  machined  and  after  coating  were 

maintained.  Involute  profiles,  measurement  over  wires,  tooth-to-tooth 
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Figure  84.  Duplex  Nickel-Plated  Titanium  Tabs  Specimens  Prior 
to  Diffusion  (500X). 
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Mil  of  Electroless  Nickel  Plus  1  Mil  of  Pure  Nickel) 
Titanium  Tabs  at  a  Diffusion  Temperature  of  1450°F 
(500X). 


Figure  87.  Effect  of  Diffusion  Temperature  on  Duplex  Nickel-Plated 
(0.4  Mil  of  Electroless  Nickel  Plus  1  Mil  of  Pure  Nickel) 
Titanium  Tabs  (500X). 


spacing  error,  and  root  diameter  were  recorded  using  4  teeth  ran¬ 
domly  selected  for  each  gear.  The  high  and  low  points  |>itch  runout) 
were  also  recorded  ,  Corresponding  high  and  low  points  for  mating 
gears  were  matched  (when  possible)  during  assembly  of  the  gears  for 
testing.  The  method  used  to  calculate  tooth  loads  is  given  in  Appendix  I. 

Method  Used  To  Monitor  Tooth  Load 

After  applying  the  torque  necessary  to  provide  the  desired  Hertz  stress 
loading  and  after  operating  the  teat  gears  under  loud  for  specified  periods 
of  time,  the  frictional  torque  (the  torque  required  to  eet  the  gears  in 
motion)  was  measured.  This  provided  a  means  of  ensuring  that  the  torque 
.ru:  tally  applied  to  the  gears  prior  to  testing  had  not  changed  during  testing, 
b  frictional  torque  could  vary  slightly  due  to  temperature  changes 

and  oil  film  thickness  an  the  gear  teeth,  it  was  necessary  to  measure  the 
frictional  torque  at  aa  many  locations  ss  possible  and  to  use  the  average 
frictional  torque  aa  a  means  of  monitoring  the  applied  torque.  For  the  8- 
pitch  gears,  12  frictional  readings  were  taken;  for  the  12-pitch  gears,  16 
readings  were  used. 

Gross  changes  in  the  average  frit  tonal  torque  aftc  •  Vqi  set  of  gears 
would  indicate  that  a  corresponding  change  in  the  Initially  applied  torque  had 
occurred  during  running.  A  criterion  was  set  up  whereby  a  test  level  would 
be  discounted  if  the  average  frictional  torque  dropped  by  more  than  5t 
during  the  test  run.  (If  the  actual  torque  aa  the  gears  dropped  5*1  after 
testing,  the  corresponding  change  In  Herts  stress  would  be  Vi6&|  -  v§5%. ) 

If  the  5%  limit  were  exceeded,  the  gears  would  be  retorqsed  after 
testing,  and  a  new  average  frictional  torque  would  be  recorded.  The 
percentage  of  change  would  then  be  baaed  oa  the  new  frictional  torque  road¬ 
ie 

Process  Optimization  Testing  (120  Hour*) 


Purpose 

1  .«*  purjx-s?  of  this  phase  of  testing  was  to  establish  tho  orilt.tuu. .  .ocedurv 
for  placing  a  titanium-nickel  lntermetallic  coating  on  t  taalum  gear  teeth. 
This  investigation  included  evaluation  of  the  effect  of  coaling  process  varia¬ 
tions  (for  both  a  diffusion- type  coating  and  an  Ion- sputtered- type  coating)  an 
kosd- carrying  capacity.  This  testing  would  provide  the  basis  for  selecting 
a  specific  costing  process  for  subsequent  endurance  testing. 
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Evaluation  of  Duplex  Diffused  Nickel- Plated  Gears 

Based  on  the  metallurgical  investigations  of  titanium  tab  specimens  incor¬ 
porating  a  duplex  thermally  diffused  nickel  coating,  three  pairs  of  gears  were 
processed  for  rig  evaluation  using  the  coating  parameters  shown  in  Table 
XXI. 


TABLE  XXI. 

COATING  PREPARATION  FOR  INITIAL  TEST  GEARS 

Plating  Thickness 

Set 

Number 

Test  Gear 
S/N 

Electroless  Nickel 
(mils) 

Pure  Nickel 
(mils) 

Heat 

Treatment 

1 

214 

215 

0.4 

1.0 

1, 550°F,  1  hr 

2 

220 

223 

0.4 

1.0 

1,450°F,  8  hr 

3 

221 

222 

0.1 

1.0 

1, 550°F,  1  hr 

The  initial  set  of  gears  (S/N  214  and  8/N  215)  was  processed  through  para¬ 


graph  4. 1  of  the  Plan  of  Test  (Append!*  II).  Successful  10-mihioo- cycle 
tests  were  completed  at  Herts  stress  levels  of  85,000,  85,000.  105,000, 
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The  coating  failure  encountered  with  gears  S/N  214  and  S/N  215  was 
"scoring"  in  nature,  as  opposed  to  "spalling"-type  failures  encountered 
with  the  endurance  testing  of  diffused  electroless  nickel-coated  gears.  The 
involute  profile  modification  used  for  the  titanium  gearing  was  based  on  the 
torque  level  required  to  produce  a  Hertz  stress  of  100, 000  psi.  The  even¬ 
tual  scoring  of  the  titanium  gears  at  125, 000  psi  Hertz  stress  could  have 
been  caused  by  insufficient  profile  modification  to  operate  the  gears  at  this 
load  level.  A  maximum  Hertz  stress  level  of  110,000  psi  was  established 
at  this  point  for  subsequent  gear  test  evaluations  in  order  to  avoid  sooring 
problems. 

The  second  and  third  sets  of  gears  (see  Table  XXI)  produced  early  coating 
failures  at  essentially  break-in  running  levels.  Combined  test  time  on  these 
gears  was  approximately  2  hr.  Although  prior  tab  investigations  had  indica¬ 
ted  that  good  hardness  could  be  obtained  with  the  coating  parameters  em¬ 
ployed  in  preparing  these  gears,  the  coating  when  applied  to  actual  test 
gearing  was  found  to  be  easily  susceptible  to  scuffing  and  wear. 

Gears  S/N  214  and  S/N  215  were  then  reevaluated  on  the  reverse  (untested) 
side  of  the  gear  teeth  at  a  Hertz  stress  level  of  110,000  psi.  The  intent 
here  was  to  determine  if  50  hr  (100  million  cycles)  could  be  attained  at  this 
load  level.  If  possible,  it  would  demonstrate  that  the  diffused  duplex  nickel 
coating  had  load-carrying  capability  superior  to  that  of  the  previously  developed 
diffused  electroless  nickel.  However,  a  scoring-type  failure  was  encountered 
at  this  load  level  after  completing  36  million  cycles.  Total  test  time  on 
gears  S/N  214  and  S/N  215  was  now  52  hr.  A  summary  of  all  the  preliminary 
development  testing  is  given  in  Tables  XXII  and  XXIH. 

Figure  91  compares  test  data  of  the  previously  developed  diffused  electro¬ 
less  nickel  coating  with  the  initial  data  points  obtained  with  the  testing  of 
the  diffused  duplex  nickel-coated  gears. 

Endurance  Testing 

In  examining  the  test  data  shown  in  Figure  91,  it  appeared  that  a  500- hr  endurance 
test  might  be  feasible  using  the  same  coating  procedure  as  used  for  the  prepara¬ 
tion  of  gears  S/N  214  and  S/N  215.  Accordingly,  a  set  of  12-pitch  (30-tooth)  gears 
(S/N  118  and  S/N  119)  was  prepared  for  test  evaluation.  After  successfully  com¬ 
pleting  an  initial  10-million-cycle  break-in  test  at  85, 000-psi  Hertz  stress,  endur¬ 
ance  testing  was  initiated  at  a  load  level  of  100, 000-psi  Hertz  stress.  A  single¬ 
tooth-bending  failure  (from  gear  S/N  118)  was  encountered  with  these  gears  after 
66  hr  (80  million  cycles)  of  testing.  The  corresponding  dynamic  bending  stress 
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TABLE  XXU.  SUMMARY  OF  PRELIMINARY  GEAR  TESTING 


Set 

No. 

Gear 

S/N 

♦Total 
Test  Time 
(hr) 

Coating  Description 

1 

214-215 

57.1 

** 

2 

221-222 

1.7 

1-mil  electroless  nickel  plus  1.0-mil  pure 
nickel  1550  °F  1  hr 

3 

220-223 

0.5 

0.4-mil  electroless  nickel  plus  1. 0-mil  pure 
nickel  1450°  F  8  hr 

4 

118-119 

68.0 

5 

117-120 

*** 

Ion-Sputtered  0. 8  mil  TiNi 

6 

116-121 

*** 

Ion-Sputtered  0. 6  mil  T^Ni 

7 

218-219 

*** 

** 

8 

2i6-217 

*** 

** 

9 

113-114 

14.0 

** 

Total  combined  test  time  is  141. 3  hr. 


** Coating  description  for  these  gears  is  as  follows: 

0.4-mil  electroless  nickel  and  1. 0-mil  pure  nickel,  diffuse 
1550°  F  1  hr,  2-hr  etch  in  40%  nitric  acid  and  shot-peen. 

♦♦♦These  gears  failed  at  essentially  break-in  load  levels;  therefore, 
no  test  time  is  indicated. 


at  this  load  level  was  56,000  psi.  A  photomicrograph  of  the  failec  gear  tooth  is 
shown  in  Figure  92.  An  examination  of  this  photomicrograph  showed  that  there  was 
virtually  no  coating  wear.  However,  several  cracks  were  observed  in  the  coating 
near  the  fractured  surface.  These  cr  icks  were  observed  on  both  the  tensile  and 
compressive  sides  of  the  tooth,  although  the  tooth  had  been  loaded  in  only  one 
direction.  These  cracks  are  shown  in  Figures  93  and  94. 

Examination  of  other  teeth  from  gear  S/N  118  revealed  the  same  type  of  cracking 
near  the  roots  of  the  teeth.  All  cracks  were  found  to  be  confined  to  the  coating 
and  were  identified  as  pure  fatigue  cracks  developed  from  operating  the  gears  at 
56,000-psi  dynamic  bending  stress. 

Fatigue  cracks  as  such  cannot  develop  from  purely  compressive  (cyclic)  stressing. 
The  fatigue  cracks  that  were  observed  on  what  would  normally  be  considered  the 
compressive  sides  of  the  teeth  (because  of  the  direction  of  loading)  were  actually 
caused  bj  cyclic  tensile  stressing  in  these  areas.  Tensile  stresses  can  be  imposed 
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Barts 

Bending 

Gear 

Stress 

Stress 

Torque 

Cycles  Time 

Mu'm  - 

(in. -lb) 

xlO®  (Min)  Mode  of  Failure 

214-215 
(Side  A) 
vs 
Steel 
Gears 

214-215 
(Side  B) 
vs 

221-222 
(Side  A) 

221-222 
(Side  B) 

v* 


*5.  5 
30.3 
36.0 
42.0 
48.0 
55.0 

20.0 

25.5 

30.3 


20.  0 
25.5 


Wore  through 
costing  on  two 
teeth  of  each 
gear. 


Wore  through 
costing  on  all 
teeth  of  gears 
S/N221  and 
S/N  222. 

Wore  through 
coating  on  all 
gear  teeth. 


20-223 

*  -if  A' 

214-215 

75 

25.5 

126 

0.7 

25 

Gear  S/N  200 

(Side  B) 

85 

30.3 

162 

10.0 

334 

failed  from  fa¬ 

V8 

95 

36.0 

205 

7.4 

247 

tigue  rrack  that 

200-201 

initiated  a  key¬ 
way. 

214-215 

110 

48.0 

300 

36.8 

1220 

Wore  through 

(Side  B) 

coating  on  two 

vs 

teeth  of  each 

Steel 

Gears 

gear. 

*118-119 

75 

37.0 

133 

0.6 

30 

Bending  fatigue 

(Side  B) 

85 

46.  0 

175 

0.6 

30 

failure  on  one 

vs 

100 

56.2 

231 

79.3 

3960 

tooth  of  gear 

Steel 

S/N  118.  No 

Gears 

coating  wear. 

*113-114 

80 

40 

150 

16.8 

840 

Bending  fatigue 

(Side  A) 

failure  on  one 

vs 

tooth  of  gear 

Steel 

S/N  113.  No 

Gears 

coating  wear. 

K  These  gears  tested  at  20,  000  rpm; 

all  other 

gears  tested  at  30, 

000  rpm. 
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Figure  91.  S/N  Curve,  Titanium  Gear  Testing. 
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Figure  92.  Failed  Gear  Tooth  Showing 

Negligible  Coating  Wear  (50X). 


J 
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Figure  93.  CrackB  in  Coating  on  Tensile 
Side  Near  the  Root  of  the 
Failed  Gear  Tooth  (500X). 


by  two  phenomena:  (1)  a  particular  gear  tooth  can  "spring  back"  as  soon  as 
the  tooth  load  is  removed  and  thus  can  deflect  to  some  point  beyond  its  normal 
position,  which  in  effect  would  impose  completely  reverse  bending  on  the  gear 
tooth,  even  though  it  is  transmitting  load  in  only  one  direction;  (2)  the  tensile 
stress  distribution  at  the  root  of  the  particular  tooth  under  load  is  such  that  it  is 
possible  to  have  tensile  loading  completely  around  the  root.  However,  the  magni¬ 
tude  of  the  tensile  stress  imposed  in  this  manner  would  be  insignificant  and  there¬ 
fore  is  not  included  in  the  analysis.  The  magnitude  of  the  tensile  stress  imposed 
by  the  "spring-back"  phenomenon  is  a  function  of  the  dynamics  of  the  particular 
system  and  as  such  is  difficult  to  analyze  with  any  accuracy.  It  is  believed  that 
in  this  particular  case,  the  tensile  stressing  was  great  enough  to  promote  fatigue 
cracking  on  the  unloaded  sides  of  the  gear  teeth. 

A  second  set  of  30-tooth  gears  (S/N  113  and  S/N  114)  was  prepared  for  testing 
employing  the  same  coating  procedure  as  used  with  gears  S/N  118  and  S/N  119 
and  was  endurance-tested  at  a  load  level  of  86, 000-psi  Hertz  stress  (45, 000-psi 
dynamic  bending  stress).  This  was  the  same  load  level  as  used  previously  for  the 
endurance  testing  of  diffused  electroless  nickel-coated  gears.  A  coating  failure 
was  encountered  after  252  hr  (333  million  cycles)  of  testing  at  this  load  level. 
Endurance  test  results  are  summarized  in  Table  XXIV. 


TABLE  XXIV.  ENDURANCE  TEST  RESULTS 


Gear 

S/N 

Hertz 

Stress 

(ksi) 

Bending 

Stress 

(ksi) 

Torque 

(inrlb) 

Time 

(hr) 

Speed 

(rpm  x  1000) 

113-114 

75 

37.0 

133 

20.0 

(Side  B) 

86 

45.0 

175 

100 

20.0 

vs 

86 

45.0 

175 

100 

22.5 

Steel 

Gears 

86 

45.0 

175 

52 

25.0 

Figure  95  shows  the  S/N  relationship  for  Hertz  stress  that  has  been  determined 
from  the  endurance  testing  of  titanium  gears  with  a  diffused  nickel  coating.  Sepa¬ 
rate  curves  have  been  drawn  for  the  diffused  electroless-type  coating  and  the  du- 
plex  diffused  nickel-type  coating.  Both  of  these  coating  approaches  show  an 
approximate  infinite-life  Hertzian  capacity  of  80,000  psi.  The  endurance  testing 
has  also  shown  that  infinite-life  bending-stress  capacity  is  approximately  45,000 
psi. 
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Figure  95.  S/N  Curve,  Titanium  Gear  Testing. 
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From  the  curves  in  Figure  95,  it  is  evident  that  the  maximum  operating  Hertz 
stress  for  titanium  gearing  is  approximately  85, 000  psi,  with  a  finite  life  of 
approximately  350  million  cycles,  using  either  the  diffused  electroless  nickel 
coating  or  the  duplex  diffused  nickel  coating.  The  results  are  fairly  consistent 
with  4  high-time  data  points  clustered  in  this  area.  The  infinite-life  operating 
Hertz  stress  limit  is  estimated  at  80,000  psi  based  on  the  limited  amount  of  en¬ 
durance  testing  conducted  to  date. 

Design  Trade-Off  Study 

A  design  trade-off  study  was  conducted  whereby  relative  weights  of  a  study  gear¬ 
box  were  calculated  using  assumed  design  allowables  for  titanium  and  steel  gear¬ 
ing.  For  this  study,  the  design  allowables  chosen  for  steel  gearing  were  150,000- 
psi  Hertz  stress  and  65,000-psi  dynamic  bending  stress.  These  values  were 
based  on  Hamilton  Standard's  past  experience  with  steel  gearing  and  were  con¬ 
sidered  to  be  representative  of  what  the  maximum  infinite-life  load- carrying 
capacity  of  steel  gearing  would  be  during  the  1975  time  period.  Present-day 
infinite-life  steel  allowables  are  140, 000-psi  Hertz  stress  and  61,  000-psi  dynamic 
bending  stress.  The  design  allowables  chosen  for  titanium  gearing  were  100, 000- 
psi  Hertz  stress  and  50, 000-psi  bending  stress.  The  study  showed  that  a  20% 
weight  advantage  could  be  expected  if  the  above  design  allowables  were  found  to 
be  realistic.  A  drawing  of  the  study  gearbox  is  shown  in  Figure  96.  A  gear 
weight  summary  for  the  stuffy  gearbox  (using  the  above  design  criteria)  is  given 
in  Table  XXV. 

The  endurance  testing  of  titanium  gears  performed  herein  has  revealed  that 
infinite-life  Hertz  stress  capacity  is  something  less  than  85, 000  psi,  with  a 
bending-stress  limit  of  approximately  45, 000  psi.  With  these  limitations  on 
load- carrying  capacity  for  titanium  gearing,  the  weight  saving  afforded  by 
titanium  versus  steel  would  be  insignificant. 

It  should  be  noted  that  the  above  weight  comparison  was  based  on  assumed  '197 5) 
design  allowables  for  steel  gearing.  If  today's  steel  allowables  were  maintained, 
a  weight  saving  of  approximately  15%  could  be  possible  with  titanium  gearing. 
There  are  also  those  transmission  systems  (such  as  planetary  reductions)  where 
titanium  gears  could  be  considered  because  of  the  existence  of  relatively  lower 
Hertz  stress  requirements. 
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TABLE  XXV.  STUDY  GEARBOX 

-  GEAR  WEIGHT  SUMMARY* 

Steel 

Titanium 

Hertz  Stress  (psi) 

150, 000 

140,000 

100,000 

86,000 

80, 000 

Bending  Stress  (psi) 

65,000 

60,000 

55,000 

45,000 

40, 000 

Gears: 

Pinion 

3.50 

3.65 

2.99 

3.84 

4.21 

Idler 

5. 53 

5.83 

4. 87 

6.01 

6.80 

Bull 

14.20 

14.52 

10.98 

13.18 

14.75 

Sun 

2.60 

2.75 

2.08 

2.22 

2.44 

Planets 

10.80 

12.08 

7.72 

9. 16 

11.60 

Ring 

5.66 

6.02 

3.90 

4.43 

5.13 

Housing  Weight 

-1.93 

-.93 

*** 

1.16 

1.80 

Diff 

Total 

40.36** 

43.92 

32.54 

40.00 

46.  73 

Percent  Weight 

Saving 

- 

19.40 

0.89 

-15.  80 

♦Weights  listed  are  based  on  the  complete  gear  train  as  shown  in  Figure  96. 


♦♦Percent  weight  saving  is  based  on  this  total  weight. 


♦♦♦Housing  weight  based  on  these  conditions  is  16. 5  lb. 


BORSIC8*  ALUMINUM  BLADE  RETENTION  INVESTIGATION 
INTRODUCTION 


Blades  represent  35%  of  the  total  weight  of  one  of  today's  advanced  propeller/gear¬ 
box  systems.  Blade  weight  also  sets  the  design  loads  for  other  major  components 
such  as  barrel,  actuator,  gearbox,  and  support  structure.  It  thus  represents  the 
single,  most  determining  factor  on  total  system  weight.  Therefore,  in  seeking  to 
define  the  maximum  weight- reduction  potential  for  a  1970-1975  propeller  system, 
prime  attention  must  be  directed  toward  blade  weight  reduction.  This  requires  not 
only  the  evaluation  of  those  new  materials  that  appear  to  be  feasible  for  use  in  that 
time  period,  but  also  a  detailed  evaluation  of  composite  blade  structures  to  best 
utilize  the  advanced  material  properties.  Toward  this  end,  the  present  contract  is 
intended  to  provide  fabrication  development  and  design  data  for  the  retention  area 
which  will  lead  to  development  of  full-scale  advanced  composite  hardware.  The 
requirements  for  the  present  contract  were  to  design,  fabricate,  and  tensile-test 
two  reduced-size  Borsic®  aluminum  specimens  representative  of  an  advanced  pro¬ 
peller  system.  The  design  study  resulted  in  the  selection  of  the  two  configurations 
shown  in  Figure  97. 

RETENTION  TEST  SPECIMEN  DESIGN 

The  design  of  the  blade  stub  presents  the  problem  of  transferring  a  concentrated 
load  into  a  composite  structure.  The  retention  load  is  a  uniform  ring  force  acting 
at  a  45-deg  contact  angle.  The  collapsing  component  of  the  load  was  reacted  by 
placing  a  flat  plate  inside  the  composite  cone.  Two  methods  of  transferring  the 
axial  component  of  the  load  into  the  composite  were  tried. 

The  first  design  (Configuration  I)  consisted  of  a  uniform  wall  thickness  cone  of 
Borsic®  aluminum  with  aluminum  pieces  on  both  sides  of  the  lower  portion  of  the 
cone.  The  axial  force  is  transferred  into  the  composite  by  shear  at  the  composite- 
aluminum  braze  joint  plus  some  compression  caused  by  the  wedging  action  of  the 
two  aluminum  sides  on  the  composite  cone. 

The  second  design  (Configuration  II)  utilized  the  same  construction  as  the 
first  design  for  the  inner  part  of  the  cone  and  the  inner  aluminum  piece.  The 
Borsic®  aluminum  cone  was  built  up  to  one-third  of  the  final  thickness,  and  an 
aluminum  wedge  was  added  at  the  bottom. 

Another  third  of  the  composite  cone  was  built  up,  and  a  second  aluminum  wedge 
was  added  to  the  bottom  of  the  cone.  The  composite  cone  was  completed,  and  the 
final  outer  surface  of  aluminum  was  added. 
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The  second  design  requires  more  parts  and  has  more  surfaces  to  be  matched. 

Both  designs  were  considered  to  be  of  equal  load-carrying  capacity  in  the  analysis. 

A  computer  program,12  "Analysis  of  Shells  of  Revolution  Subjected  to  Symmetrical 
and  Non -symmetrical  Loads,  "was  used  to  analyze  the  test  specimen.  The  program 
is  usable  for  a  multilayer  orthotropic  structure  having  different  properties  in  each 
layer.  The  program  calculates  the  deflections  as  uniform  for  all  layers,  and  the 
stresses  are  then  based  on  the  properties  of  the  individual  layers.  The  preceding 
statements  indicate  that  the  program  is  a  good  mathematical  model  for  a  composite 
structure.  The  average  tensile  strength  of  Borsic®  aluminum  test  panels  at  the 
time  the  retention  test  specimens  were  fabnented  was  120,  000  psi.  The  predicted 
failure  load  for  this  stress  was  calculated  to  be  HI,  000  lb. 

A  detailed  drawing  of  the  two  specimen  configurations  is  shown  in  Figure  98. 

Fabrication 


The  test  specimens  were  fabricated  using  metal  matrix  braze  foil  tape  as  the  basic 
building  Mock.  This  tape  la  made  by  collimation  of  the  Borsic®  fibers  overa  1-mil  - 
thickness  713  aluminum  alloy  braze  foil  and  then  plasma-sprayed  with  6061  alloy 
to  hold  the  fibers  In  place  and  to  make  up  the  remainder  of  the  aluminum  matrix 
retired.  The  tape  has  approximately  175  fibers/in.  tape  width,  and  the  Borsic* 
fiber  represents  approximately  5 (ft  of  the  tape  weight. 

The  tape-cutting  and  lay-up  procedure  is  illustrated  in  Figure  99.  rhe  tapes  are 
cut  to  patterns  which  are  sized  to  make  up  one  complete  layer  with  two  pieces  when 
they  are  wrapped  around  the  mandrel  and  butted.  The  patterns  are  changed  as  re¬ 
quired  to  allow  for  the  increasing  diameter  as  the  part  is  built  up.  In  the  case  of 
Configuration  I,  all  of  the  layers  are  built  up  by  tack  welding  of  each  layer  to  the 
layer  below  along  the  butt  joints  which  are  staggered  from  layer  to  layer.  A 
total  of  thirty  layers  was  assembled  to  have  a  final  wall  thickness  of  0. 150  in. 

This  produces  a  finished  fiber  volume  fraction  of  about  48%. 

The  cutting  and  lay-up  procedure  for  Configuration  II  is  the  same  as  that  described 
above  except  that  the  lower  ends  of  the  tapes  are  split  at  about  .  125-in.  intervals 
to  allow  the  tapes  to  fan  out  over  the  aluminur  wedges.  This  is  illustrated  in 
Figure  100. 

After  lay-ups  of  the  tape  over  the  inner  mandrel,  the  outer  die  is  fitted  and  the 
entire  assembly  is  placed  in  the  Abar  vacuum  furnace  shown  in  Figure  101.  This 
furnace  is  capable  of  a  vacuum  of  10~5  torr  at  the  braze  bond  temperature.  TTie 
bonding  and  compaction  of  the  matrix  are  accomplished  by  the  relative  motion  be¬ 
tween  the  two  dies.  They  are  designed  in  such  a  way  that  the  final  dimensions  are 
reached  when  the  bottom  surfaces  of  both  the  mandrel  and  the  outer  die  are  in  the 
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Figure  98.  Detailed  Drawing  of  Retention  Test  Specimens 


same  plane  (the  bottom  of  the  furnace).  The  inner  mandrel  is  the  same  for  both 
specimen  configurations,  but  the  outer  die  is  larger  at  the  base  to  allow  foi  the 
flare  of  the  Configuration  II  specimen.  The  driving  force  used  to  produce  the  rela¬ 
tive  motion  is  the  weight  of  the  outer  die.  The  braze  bond  setup  is  shown  sche¬ 
matically  In  Figure  102. 

After  completion  of  the  braze-bonding  operation,  it  Is  necessary  to  braze  the  inner 
support  and  a  block  of  aluminum,  which  is  later  machined  to  final  dimensions,  to 
the  basic  Borsic1  aluminum  cone.  This  was  accomplished  as  shown  in  Figure  102. 
Both  pieces  were  brazed  in  one  operation.  The  inner  support  and  the  aluminum 
block  were  carefully  fitted  to  the  Borsic® aluminum  cone  and  then  assembled  with 
braze  foil  to  provide  the  filler  material.  The  inner  support  rested  on  a  pedestal 
based  on  the  base  of  the  furnace,  and  a  steel  weight  was  added  to  the  aluminum 
block  to  assure  proper  positioning  of  the  parts  during  the  braze  cycle.  The  braz¬ 
ing  was  also  carried  out  In  the  Abar  vacuum  furnace  using  718  aluminum  alloy 
braze  so  that  the  temperature  used  was  well  below  the  braze-bonding  temperature 
used  in  forming  the  cone.  Both  the  inner  support  and  the  aluminum  block  are  S061 
aluminum  alloy  which  was  heat-treated  to  the  T-6  condition  after  brazing  to  the 
Borsic  aluminum  cones.  Final  machining  of  the  outside  of  the  specimen  was  done 
after  the  heat-treating  cycle.  Photographs  of  the  finished  specimens  are  shown  in 
Figure  103.  The  differences  in  the  two  configurations  can  be  clearly  seen  at  the 
base  of  the  retention. 

Testing 

Tensile  testing  of  the  two  specimens  was  required  for  this  phase  of  the  program 
and  was  conducted  in  the  test  setup  shown  in  Figure  104.  The  tensile  machine 
used  was  a  Baldwin  Southwork  machine  of  200,  000  lb  capacity.  The  test  fixture 
was  designed  as  shown  in  Figure  105.  The  lower  portion  of  the  fixture  simulates 
a  barrel  retention  and  loads  the  base  of  the  specimen  at  an  angle  of  approximately 
45  deg.  The  upper  tensile  load  is  applied  through  a  steel  cone  that  is  inserted  in¬ 
to  the  top  of  the  specimen.  Three  soft  aluminum  chuck  sections  are  placed  be¬ 
tween  the  cone  and  the  inner  wall  of  the  specimen.  Load  is  transferred  through  the 
wall  of  the  specimen  to  the  heavy  steel  ring  which  is  adhesively  bonded  to  the  out¬ 
side  of  the  specimen.  The  ends  of  the  chucks  are  tapered,  as  is  the  wall  thickness 
of  the  steel  ring,  so  as  not  to  pick  up  the  ioad  abruptly  at  the  edge  of  the  fixture. 
The  top  plate  which  is  bolted  to  the  support  ring  provides  additional  strength  to 
the  ring  :ind  prevents  motion  of  the  chucks  with  respect  to  the  inner  wall  of  the 
specimen.  The  fixture  ring  performed  well  during  testing  of  both  specimens. 

The  tensile  test  of  Configuration  n  was  conducted  first  and  resulted  in  three  dis¬ 
tinct  steps  to  final  fracture  of  the  specimen.  The  three  loads  were  25,  000. 

30,  000,  and  41,  300  lb,  respectively.  At  each  step,  the  load  increased  steadily 
until  a  distinct  fracture  was  heard  and  a  sudden  drop-off  of  load  was  noted. 
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Figure  101.  Abar  Vacuum  Furnace. 


BRAZE  OF  BORSICTAL  TAPES 
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Figure  102.  Braze  Bond  Tooling. 


Figure  104.  Retention  Specimen  Test  Setup. 


Figure  105.  Tensile  Test  Flxturlng. 
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The  specimen  would  then  pick  up  load  again  until  the  next  step  was  reached,  at 
which  time  the  same  sequence  was  repeated.  Photographs  of  the  fractured  speci¬ 
men  are  shown  in  Figure  106.  It  can  be  clearly  seen  both  in  the  base  of  the  speci¬ 
men  and  in  the  wall  that  the  three  layers  of  fibers  into  which  the  wall  had  been 
divided  by  the  wedges  had  fractured  separately  rather  than  causing  the  load  to  be 
evenly  distributed.  The  sequence  of  failure  was  that  the  outer  layer  of  fibers 
picked  up  the  load  first,  due  to  its  greater  angle  to  the  load,  and  carried  the  major 
portion  of  the  load  until  its  ultimate  strength  was  reached.  The  load  then  trans¬ 
ferred  to  the  next  layer  until  the  same  process  was  repeated,  and  the  load  finally 
transferred  to  the  Innermost  layer.  The  reason  for  this  behavior  and  the  inability 
of  the  structure  to  distribute  the  load  are  due  to  the  total  elastic  behavior  of  the 
boron  fibers.  Since  there  is  no  plastic  elongation  that  can  occur  in  these  fibers, 
there  is  no  redistribution  as  would  occur  in  conventional  materials  by  the  process 
of  yielding. 

The  Configuration  I  specimen  was  tested  in  the  same  setup  as  described  above, 
but  in  this  case  the  specimen  carried  the  steadily  increasing  load  to  an  abrupt 
fracture  at  123,  000  lb.  The  fractured  specimen  is  shown  in  Figure  107.  It  should 
be  noted  that  this  fracture  alternated  between  the  grip  area  and  the  top  of  the  re¬ 
tention  and  showed  no  sign  of  delamination  as  noted  in  the  Configuration  II  specimen. 
It  should  also  be  noted  that  the  failure  load  is  very  nearly  three  times  the  maxi¬ 
mum  load  carried  by  the  innermost  layer  of  Configuration  n,  which  is  at  the  same 
angle  as  the  total  wall  thickness  of  Configuration  I.  The  failure  load  of  123,  000  lb 
is  about  13%  lower  than  that  predicted  by  the  design  computer  program.  How¬ 
ever,  the  program  did  not  indicate  high  stresses  in  the  base  of  the  retention,  and 
it  was  noted  that  the  base  of  the  specimen  was  permanently  dished.  This  would 
Indicate  a  different  loading  than  was  assumed  for  the  calculations  and  could  account 
for  the  deviation  from  the  predicted  value. 
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Figure  106.  Configuration  I  Fractured  Specimen. 
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CONCLUSIONS 


TITANIUM  BARREL 

The  design  study  has  confirmed  that  barrel  weight  can  be  substantially  reduced, 
as  compared  to  existing  V/STOL  propeller  barrels,  by  using  a  titanium  barrel 
reinforced  with  boron  fibers  having  a  more  efficient  barrel  mount  structure.  A 
barrel  weight  of  34  lb  can  be  realized  with  a  new  4-blade  barrel  design  as  com¬ 
pared  to  an  86-lb  barrel,  which  represents  today's  state-of-the-art  technology. 

The  weights  of  the  4-blade  spherical,  shell,  and  crossed  tube  barrel  designs  are 
essentially  equal  for  this  installation.  The  crossed  tube  concept  did  not  prove  to 
be  a  lighter  weight  configuration  in  this  propeller  size.  However,  larger  diam¬ 
eter  propellers  with  higher  loadings  may  be  more  suited  to  this  concept,  in  that 
minimum  wall  thickness  would  be  eliminated  as  a  criterion. 

The  weights  of  the  3-blade  spherical,  shell,  and  crossed  tube  barrel  designs  are 
also  essentially  equal  for  this  installation. 

The  barrel  design  study  has  confirmed  that  the  weights  of  a  4-blade  propeller  sys¬ 
tem  and  a  3-blade  propeller  system  with  the  same  total  solidity  are  essentially  the 
same.  The  4-blade  propeller  inherently  has  a  static  thrust  performance  advantage, 
which  is  important  to  VTOL  applications. 

The  4-blade  spherical  barrel  has  advantages  over  the  4-blade  crossed  tube  barrel 
design  in  that  (1)  higher  stress  allowables  are  obtained  with  the  improved  forge¬ 
ability  and  (2)  machinability  is  improved, 

MAIN  PROPELLER  MOUNT  BEARING 


Bearing  calculations  have  shown  that  this  bearing  has  sufficient  dynamic  capacity 
to  ensure  the  3000-hr  specified  design  life. 

This  new  type  of  propeller  mounting  arrangement  will  result  in  approximately  20% 
less  weight  when  compared  to  the  arrangement  used  for  today's  integral  gearbox 
propeller.  The  bearing  weight  of  11. 9  lb  is  1. 4  lb  lighter  than  originally  estimated 
during  the  initial  feasibility  study. 

TITANIUM  GEARS 

The  titanium-nickel  intermetallic  coating  system  provides  adaquate  wear  resistance 
for  titanium  gearing  up  to  a  Hertz  stress  level  of  80,  000  psi. 


There  is  little  difference  in  load-carrying  capacity  between  a  diffused  electroless 
nickel  coating  and  a  diffused  duplex  nickel  coating.  Both  types  of  coatings  have 
been  found  to  provide  Hertz  stress  capacity  of  85, 000  to  90, 000  psi  with  a  finite 
life  of  approximately  350  million  cycles.  Infinite-life  load  capability  is  estimated 
to  be  80,  000-psi  Hertz  stress.  The  duplex  coating  is  more  difficult  to  apply. 

Weight  reduction  studies  based  on  projected  (1975)  increases  in  the  load-carrying 
capacity  of  steel  gearing  show  that  no  weight  saving  exists  for  titanium  over  steel; 
however,  it  should  be  noted  that  the  projected  capacity  of  1975  steel  gearing  was 
established  using  assumed  values  of  Hertz  stress  and  dynamic  bending  stress. 

The  evaluation  of  ion-sputtered  coated  gears  conducted  under  this  program  was 
limited.  Therefore,  a  full  assessment  of  the  potential  of  ion- sputtered  coatings 
was  not  attained.  The  feasibility  of  coating  titanium  gears  using  the  ion-sputtering 
method  has  been  demonstrated.  A  uniform  adherent  coating  can  be  applied  to  the 
wearing  surfaces  of  titanium  gear  teeth.  Improvements  in  coating  adhesion,  coating 
uniformity,  and  general  coating  control  would  be  expected  by  using  a  ion-sputtering 
arrangement  that  would  enable  the  gear  teeth  to  be  coated  without  rotating  the  gear. 

BORSIC  ALUMINUM  BLADE  RETENTION 

A  satisfactory  propeller  blade  retention  can  be  designed  and  fabricated  using 
Borsic®aluminum  advanced  composite  material.  A  design  in  which  the  fibers  are 
carried  to  the  base  of  the  retention  in  one  group  is  far  superior  to  a  design  in 
which  the  fibers  are  separated  into  three  equal  groups.  Separating  the  fibers 
forced  them  to  behave  independently  rather  than  produce  a  more  even  load  dis¬ 
tribution  as  desired. 
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RECOMMENDATIONS 


TITANIUM  BARREL 

It  is  recommended  that  a  4-blade  titanium  barrel  with  a  spherical  centerbody  struc 
ture  be  manufactured  from  a  pierced  titanium  forging  and  subsequently  tested. 
Development  testing  should  include  a  forging  material  evaluation  program,  an 
experimental  stress  analysis  on  a  fully  machined  barrel  to  verify  the  theoretical 
barrel  analysis,  and  a  full-scale  barrel  fatigue  test  program. 

This  test  is  recommended  to  confirm  theoretical  stress  calculations  by  means  of 
actual  test  data  and  to  demonstrate  the  higher  stress  allowables  that  result  from 
improved  forging  techniques. 

MAIN  BEARING 

It  is  recommended  that  a  bearing  life  test  be  conducted  in  order  to  determine  what 
influence  the  general  configuration  of  the  housing  might  have  on  this  large -diameter 
small -cross-section  bearing. 

A  static  load  test  is  also  recommended  to  ascertain  whether  the  magnitude  of  non¬ 
linear  deflections  in  the  bearing  will  adversely  affect  the  wear  pattern  of  each 
roller. 

TITANIUM  GEARS 


It  is  recommended  that  further  test  experience  with  steel  gearing  be  obtained  in 
order  to  establish  a  sound  technological  basis  for  predicting  the  maximum  load- 
carrying  capacity  of  1975  steel  gearing. 

A  Ml-scale  titanium  gear  development  program  should  be  undertaken.  Such  a 
program  would  permit  a  complete  determination  of  load-carrying  capacity.  It 
would  include  evaluation  of  the  effects  of  proper  material  fabrication  procedures 
(forgings  versus  bar  stock),  actual  gear  mounting  and  lubrication  practices,  flex¬ 
ible  gear  configurations  (wide  rims  mounted  on  thin  webs),  and  general  full-scale 
gearbox  operating  environment  on  the  performance  of  coated  titanium  gearing. 
Conditions  such  as  these  would  be  expected  to  have  a  more  favorable  effect  on 
gear  performance  compared  to  that  experienced  from  operating  solid  2. 5-in.  - 
pitch-diameter  titanium  gears  in  the  four-square  gear  tester.  The  justification  of 
such  a  program  is  based  on  the  successful  development  of  a  reproducible  coating 
which  has  enabled  titanium  gears  to  be  operated  at  load  levels  that  indicate  weight¬ 
saving  potential  over  "today’s"  steel  gearing. 
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As  a  parallel  effort  to  the  full-scale  titanium  gear  development  program,  It  is 
recommended  that  the  development  of  ion-sputtered  coatings  for  titanium  gearing 
be  continued.  Coating  hardness,  uniformity,  thickness,  and  adhesion  would  be 
the  primary  considerations.  It  is  proposed  that  ion-sputtered  coatings  be  devel¬ 
oped  and  evaluated  as  part  of  the  full-scale  titanium  gear  development  program 
with  the  anticipation  that  if  early  test  results  should  prove  to  be  favorable,  an  ion- 
sputtering  process  would  be  substituted' for  the  diffused  nickel  process. 

BORSIC  ALUMINUM  BLADE  RETENTION 


In  view  of  the  encouraging  results  obtained  under  this  program,  a  follow-on 
development  program  is  recommended  in  which  a  full-size  retention  will  be 
designed,  fabricated,  and  fatigue-tested.  Since  the  propeller  blade  spar  is  usu¬ 
ally  sized  by  the  fatigue  strength  of  the  retention,  this  is  a  very  important  step 
toward  development  of  a  full-size  blade  spar.  The  acquisition  of  full-scale  reten¬ 
tion  fatigue  data  along  with  the  continued  development  of  fabrication  techniques  for 
a  Borsic® aluminum  spar  by  a  Hamilton  Standard  company- sponsored  program 
should  lead  to  the  ability  to  design  and  fabricate  a  full-size  spar  by  1970. 
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DYNAMIC  BENDING  STRESS 


13 

1.5  (Wd)  (Kt) 

^  =  (F)  (X)  (S4) 


where 


=  dynamic  bending  stress  (psi) 

=  root  stress  concentration  factor 

=  face  width  (in. ) 

=  tooth  form  factor 
-  dynamic  load  (lb) 

0.05  V  (FC_  +  W) 

_ _ P  -  J* - —  -  +  W. 

0.05  Vp +(PCB +Wt)*&  t 


(85) 


where 

V  =  pitch  line  velocity  (fpm) 

P 

F  =  face  width  (in. ) 

C  =  gear  material  deform  at  ion  factor 

3 

Wt  =  tangential  tooth  load  (lb) 

w  =  torxjue _  _  0<gT  for  these  test  gears  only 

t  pitch  radius 

Values  of  the  above  functions  for  the  titanium  test  gearing  are  given  below: 


F  =  0. 25  in. 

C  =  405 
B 

=1.0  (8-pitch  gear),  1.3  (12 -pitch  gear) 

X  =  0. 076  (8-pitch  gear),  0.064  (12-pitch  gear) 

V  =  19,  635  fpm 
P 

W  =  .  8T  (lb) 
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APPENDIX  II 

TITA NIUM  GEAR  PLAN  OF  TEST 


TITANIUM  GEAR  DEVELOPMENT 

JOB: _ _ _ 


PLAN  PREPARED  BY: 


E.  Fahy 


PROJECT 

INSTRUCTION: 
TIME  PERIOD: 


&  nBnFR;  Contract  DAA  J02-68-C-0079  approved  by: 


TEST  ENGINEER: 


15  November  1968 


to 


15  February  1969 


1.  WHAT  IS  ITEM  BEING  TESTED’ 

2.  WHY  IS  TEST  BEING  RUN’  WHAT  WILL  RESULTS  SHOW  OR  BE  USED  FOR? 

3.  DESCRIBE  TEST  SET  UP  INCLUDING  INSTRUMENTATION.  ATTACH  SKETCH  OF  INSTALLATION. 


4.  ITEMIZE  RUNS  TO  BE  MADE  GIVING  LENGTH  OF  EACH  AND  READINGS  TO  BE  TAKEN. 

5.  SPECIAL  INSTRUCTIONS:  SAFETY  PRECAUTIONS  FOR  OPERATORS  AND  HANDLING  EQUIPMENT. 
OBSERVATIONS  BY  SIGHT.  FEEL.  OR  HEARING.  LIST  POINTS  OF  OBSERVATION  WHICH  MIGHT 
CONTRIBUTE  TO  ANALYSIS  OF  (a)  PERFORMANCE  OF  UNITS,  (b)  INCIPIENT  TROUBLE  BEFORE 
IT  OCCURS.  AND  (C)  CAUSE  OF  FAILURE. 

6.  HOW  WILL  DATA  BE  USED  OR  FINALLY  PRESENTED’  GIVE  SAMPLE  PLOT.  CURVE.  OR  TABULATION 
AS  IT  WILL  BE  FINALLY  PRESENTED. 


NUMBER  ENTRY  AS  LISTED  ABOVE  AND  DESCRIBE  bCl.OW 


1. 0  The  items  to  be  tested  are  2.  5-in.  -pitch-dia  titanium  spur  gears 

(P/N  12X990  and  12X1054) _ _ 

2. 0  The  test  is  being  run  to  evaluate  the  load-carrying  capacity  (Hertz  stress  and 
dynamic  bending  stress)  of  coated  titanium  gearing.  The  test  results  will  be 
used  to  establish  design  limits  for  titanium  spur  gearing  which  in  turn  will  be 

employed  in  determining  the  relative  weight  saving  that  can  be  realized  by  re- 
placing  steel  gBaring  with  titanium  gearing  in  future  propeller  gearboxes. 

3. 0  A  four-square  test  facility  will  be  employed  to  evaluate  the  subject  hardware. 
This  test  facility  has  been  designed  such  that  the  loads  and  speeds  (pitch  line 
velocity)  of  full-scale  power  gearing  can  be  simulated.  The  four-square  ar¬ 
rangement  enables  the  gears  to  be  operated  at  high  tooth  loads  with  very  little 

driving  power.  A  0-60,000  rpm  air  turbine  is  used  to  drive  the  test  gearing. 
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3. 1  Torque  Stystem 

Torque  is  applied  to  the  test  gearing  via  a  split  shaft  arrangement.  The 
required  torque  is  applied  to  the  split  shaft  and  is  locked  into  the  system 
by  bolting  together  the  two  flanges  located  at  the  split.  After  loading, 
the  torque  required  to  overcome  the  frictional  forces  in  the  system  is  re¬ 
corded  prior  to  and  after  running  the  gears.  This  is  used  as  a  reference 
check  on  the  initial  loading.  When  the  gears  are  in  operation,  the  air 
pressure  required  to  drive  the  turbine  becomes  an  indicator  for  monitor¬ 
ing  the  load  on  the  test  gearing.  It  should  also  be  noted  that  the  solid 
shaft  has  been  designed  such  that  its  torsional  deflection  (over  the  range 
of  torques  used  for  this  testing)  is  great  enough  to  compensate  for  any 
loss  in  the  applied  torque  that  might  be  expected  to  occur  as  a  result  of 
gear  tooth  wear;  i.e. ,  the  coating  (approximately  .  001  in.  thick),  if 
completely  worn,  would  result  in  only  a  small  percentage  loss  (less  than 
3%)  in  the  initially  applied  torque.  A  5%  loss  in  torque  would  result  in 
only  a  2. 24%  loss  in  Hertz  stress. 

Instrumentation 


Devices  have  been  incorporated  into  the  test  setup  which  will  automatically 
shut  down  the  test  rig  under  the  following  conditions: 

Speed  -  High-speed  and  low-speed  shutdown  is  set  at  ±  1000  rpm  of 
operating  speed.  Speed  is  monitored  by  both  digital  counter 
and  by  galvanometer. 

Lubrication  -  A  low  oil  flow  switch  ensures  sufficient  lubrication  at 
the  gear  meshes. 


Coating 

Wear _ -  A  spark  detector  consisting  of  photoelectric  cells  sensitive 

to  the  wavelength  of  titanium  will  shut  down  the  test  rig 
upon  receiving  a  signal  generated  from  any  sparking  occur¬ 
ring  at  the  gear  mesh.  Sparking  will  occur  as  soon  as  the 
bare  titanium  gear  teeth  are  exposed  through  the  coating. 

3. 2  Lube  System 

The  gearbox  incorporates  six  (6)  lube  jets  for  lubricating  the  test  gearing 
and  rig  bearings.  MIL- L- 23699  oil  is  used  as  the  lubricant  and  is  main¬ 
tained  at  an  inlet  temperature  of  250°±10°F. 
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4.0 


Test  Procedure 


4.1 


Preliminary  Gear  Testing  (120  hr  of  testing) 

The  gear  12X1054  will  be  used  for  this  phase  of  testing. 


4.1.1 


Installation  of  Test  Geai 


Install  gears  to  be  evaluated  on  test  rig.  High  and  low  points  of 
mating  gears  will  be  matched.  When  only  one  set  of  titanium 
gears  is  to  be  evaluated,  the  titanium  gears  will  be  installed  on 
top  and  the  steel  gears  on  the  bottom.  Backlash  and  center  dis¬ 
tance  are  to  be  measured  prior  to  running  gears. 


4.1.2 


Break-in  Runnir 


4. 1. 2.1  Break-in  running  for  a  new  set  of  gears  will  consist  of  operating  the 
gears  at  75,  000-psi  Hertz  stress  (126  in.  -lb  torque)  with  the  speed 
gradually  increased  from  0-30,  000  rpm  over  a  15-minute  period. 
Frictional  torque  is  to  be  recorded  before  and  after  running.  If  the 
frictional  torque  drops  by  more  than  5%  during  the  break-in  running, 
the  test  will  be  repeated. 


4. 1. 2. 2  Repeat  4. 1. 2. 1  at  a  Hertz  stress  level  of  85,  000  psi  (162  in.  -lb  torque). 


4.1.3  Initial  Test  Evaluations 

A  minimum  of  six  (6)  pairs  of  12X1054  gears  will  be  subjected  to  a 
total  of  120  hr  of  testing  at  various  Hertz  stress  levels. 


4. 1. 3. 1  After  satisfactorily  completing  the  initial  break-in  running  (4. 1. 2), 
the  test  gears  will  then  be  subjected  to  successive  10-million-cycle 
Hertz  stress  levels  until  a  failure  of  the  coated  gear  teeth  is  detected. 
The  initial  Hertz  stress  level  for  this  testing  will  be  at  least  85, 000  psi. 
Subsequent  load  levels  will  be  run  at  increments  of  10,  000-psi  Hertz 
stress;  i.e.,  85,000,  95,000,  105,000,  etc.  All  testing  will  be 
accomplished  at  30,  000  rpm,  in  order  to  make  a  fair  comparison  in 
performance  of  the  new  gears  and  gears  which  were  tested  previously 
at  this  speed.  Frictional  torque  will  be  recorded  before  and  after 
each  load  level. 


4. 1. 3. 2  Data  To  Be  Recorded 

Data  will  be  recorded  per  the  sample  test  log  data  sheet  shown  in 
Figure  108. 
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4. 1.3.3 


Inspection 


Test  gears  will  be  visually  examined  after  completing  each  2  hr 
of  testing  at  each  load  level.  During  these  inspections,  if  the  fric¬ 
tional  torque  Is  found  to  be  more  than  5%  lower  than  that  initially 
recorded  at  the  start  of  the  test,  the  gears  will  be  retorqued  and  the 
test  repeated. 

4. 2  500-Hour  Endurance  Test 

The  Hertz  stress  level  to  be  used  in  performing  the  500-hr  endurance 
run  will  be  based  upon  the  test  results  obtained  from  the  120  hr  of 
development  testing.  If  the  Hertz  stress  level  selected  is  greater 
than  105, 000  psi,  8-pitch  gears  (P/N  12X1054)  will  be  used;  if  less 
than  105,  000  psi,  the  12-pitch  gears  (P/N  12X990)  will  be  employed. 
This  will  limit  the  maximum  dynamic  bending  stress  to  55,  000  psi. 
During  the  500  hr  of  endurance  testing,  the  speed  of  the  gears  will 
be  varied  from  20,  000  rpm  to  30,  000  rpm  in  order  to  evaluate  the 
gears  over  a  representative  range  of  pitch  line  velocities. 

4.  2. 1  Break-in  running  will  be  accomplished  as  in  4. 1. 2. 

4.  2.  2  One  set  of  gears  will  be  operated  at  the  selected  Hertz  stress  level 

for  a  total  of  500  hr.  The  500  hr  will  consist  of  100  hr 
each  at  the  following  gear  speeds:  20,  000,  22,  500,  25,  000,  27, 500, 
and  30, 000  rpm.  The  gears  will  be  visually  inspected  and  checked 
for  torque  every  2  hr  for  the  first  10  hr.  (NOTE:  Gears  will 
be  unloaded  and  retorqued  during  these  inspections. )  If  the  gears 
are  found  to  operate  satisfactorily  during  the  first  10  hr,  inspection 
periods  will  then  be  required  every  5  hr  for  the  next  40  hr.  The 
gears  will  then  be  operated  continuously  (inspected  and  retorqued 
every  24  hr)  until  completion  of  the  L 10  hr. 

4. 2. 3  Recording  of  Data  -  Same  as  4. 1. 3. 2 

5.  0  Special  Instructions 

Unusual  vibration,  sharp  changes  in  speed,  the  reason  for  any 
automatic  shutdowns,  and  unusual  loss  in  torque  will  be  noted  on 
the  data  log  sheet.  Rig  oil  filter  should  be  changed  every  100  hr,  the 
lubrication  oil  every  200  hr.  Periodic  checks  of  the  sparking 
device  should  be  made  to  ensure  that  it  is  functioning  properly. 

6. 0  Data  will  be  finally  presented  as  part  of  a  final  engineering  report 
on  USAAVLABS  Contract  DAAJ0£-68-C-0079. 
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APPENDIX  A  -  INSPECTION  REQUIREMENTS 

Inspections  of  Test  Gearing  Prior  to  Coating 

Each  gear  to  be  tested  will  be  Inspected  to  ensure  that  the  desired 
tooth  profile  is  within  the  tolerance  band  of  the  drawing  prior  to 
plating  (or  coating).  Four  gear  teeth  (90°  apart)  will  be  randomly 
selected  and  examined  for  profile  configurations.  Red  line  charts 
will  be  maintained  for  each  gear  tooth  that  is  examined;  measurement 
over  wires,  tooth  thickness,  pitch  runout,  and  the  high  and  low  points 
on  each  gear  will  also  be  recorded. 

Inspection  of  Gearing  Prior  to  Testing 

Prior  to  testing,  profile  recordings  of  the  same  four  teeth  of  each 
gear  again  will  be  taken  and  compared  to  the  as-machined  tooth  profile. 
After  assembling  a  set  of  gears  to  be  tested,  the  backlash  and  center 
distance  will  be  recorded  prior  to  running  gears.  Assembly  of  the  gears 
will  be  such  as  to  (where  possible)  have  the  high  and  low  points  of 
the  respective  mating  gears  matched. 
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APPENDIX  m 

PROCEDURE  FOR  DUPLEX  ELECTROLESS  NICKEL 
PLATING  OF  TITANIUM  ALLOYS 

1.  Degrease  and  cleanse  with  scouring  powder  all  part  surfaces  and  babe  dry 
(130° F,  30  min). 

2.  Mask  surfaces  not  to  be  plated  with  Turcoat  #4378  (double-dip  coat  with  30- 
min  air  dry  and  15-  to  20-min  212° F  bake  after  each  application).  Several 
carefully  applied  brush-coats  are  also  satisfactory,  with  similar  baking  and 
drying  considerations. 

3.  Recleanse  with  scouring  powder  areas  to  be  plated^ 

4.  Rack  part  into  appropriate  plating  fixture,  providing  for  stout  electrical  con¬ 
nection.  An  in-dwelling  nickel  anode  should  be  provided  in  the  fixture,  or 
provision  should  be  made  for  rapid  Insertion  of  the  same  as  required  in  the 
process.  Management  of  the  anode  must  not  consume  time  in  transfer. 

5.  Etch  surfaces  to  be  plated  In  solution  as  follows: 

5-10%  (vol)  HF  (48%) 

30-35%  (vol)  HNO3  (cone) 

Balance  water 

Roam  temperature,  approximately  2  min 

After  rlnsin&examlne  part  areas  to  be  plated  for  appearance  of  "water-breaks". 
The  appearanoe  of  these  after  etching  is  indication  of  insufficient  cleansing  in  such 
areas.  Cleanse  again  (locally)  with  scouring  powder  and  repeat  etch  cycle.  Repeat 
until  no  water  breaks  are  observed. 

6.  Transfer  part  to  HAc-HF  anodic  etch  made  and  used  as  follows: 

875  ml  of  glacial  cetio  acid 

125  ml  of  48%  HF 

Temperature  -  100*  to  120°  F 

Surface  to  be  plated  mads  anodic  at  20  ast,  2  min 

Solution  continuously  sparged  with  dry  nitrogen 

This  solution  should  be  made  fresh  for  each  part  being  processed  and  should  be 
discarded  after  use.  If  a  large  volume  la  made  for  use  on  a  number  of  small  parts, 
the  solution  should  be  kept  covered  and  sparged  with  nitrogen  for  at  least  2  hr  prior 
to  use. 


7.  Transfer  part  to  electroless  nickel-plating  solution  through  a  boiling-water 
(distilled)  rinse.  Because  of  drag-in  possibilities,  this  rinse  should  be  fresh 
for  each  part  to  be  processed. 

8.  As  part  enters  the  electroless  nickel-plating  solution,  the  surface  being  plated 
should  be  made  cathodic  at  20  asf  (electroplated)  until  the  normal,  overall 
gassing  characteristic  of  good  electroless  plating  has  been  achieved  (normally 
10  to  15  sec),  whereupon  the  power  is  stopped  and,  when  convenient,  the  anode 
is  removed  from  the  working  setup. 

9.  Continue  electroless  plating  until  the  thickness  desired  has  been  developed. 

10.  Transfer  part  to  electrolytic  tank  for  coating  with  pure  nickel. 

Notes: 

a.  The  choice  of  electroless  nickel-plating  soulution  is  not  critical.  Alkaline, 
acid  chloride,  and  acid  sulfate  types  have  been  used,  and  it  has  been  found 

that  the  bath  called  Lustraloy,  which  is  an  acid  chloride  type,  is  easy  to  manage. 
Therefore,  the  bulk  of  our  work  with  titanium  alloy  parts  has  employed  this 
solution. 

b.  Specifications  and  directions  for  operation  of  electroless  nickel  plating  may 
be  found  in  production  method  procedures  documentation,  pursuant  to  the  re¬ 
quirements  of  Hamilton  Standard  Specification  201. 

c.  In  order  to  regulate  the  time  to  given  plate  thickness,  a  test  panel  of  con¬ 
venient  geometry  is  used.  This  panel  should  be  started  in  electroless  plating 
at  the  time  that  the  processing  on  the  Ti  hardware  is  begun.  As  soon  as  the 

Ti  hardware  is  in  the  electroless  nickel  solution,  the  panel  should  be  withdrawn, 
cooled,  measured  to  within  0. 0001  in. ,  and  replaced  in  the  bath.  By  checking 
this  same  measurement  for  change  after  an  additional  30  min  of  running,  it  is 
possible  to  evaluate  closely  the  plating  rate  (tenths  uar  hr).  The  out  time  for 
the  hardware  may  then  be  computed.  A  check  on  the  te3t  panel  10  or  15  min 
before  expected  out  time  will  refine  the  estimate  an-  will  allow  close  control 
of  finished  plate  thickness. 

d.  During  the  plating  process,  a  change  in  nickel  deposition  rate  in  excess  of  20% 
of  the  starting  rate  is  cause  for  aborting  the  run.  Since  stoppages  of  the 
plating  on  the  part  are  cause  for  stripping  and  starting  over,  the  changes 
mentioned  are  cause  for  rerun. 


211 


*  50%f  nftri  f  Mk  l^°m  tItJaDiUm  alloys  may  *»  accomplished  in  dilute  (30  to 

J?!  h*  *  ifCtw  uj116  condltIon  of  “askant  materials  after  a  nickel  strip 
operation  should  be  critically  reviewed  before  proceeding  on  a  rerun  all 
probability,  the  masking  should  be  completely  replaced. 
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APPENDIX  IV 

PROCEDURE  FOR  DIFFUSION  OF  DUPLEX  NICKEL  PLATE  INTO  TITANIUM  QEARfl 
The  following  procedure  was  used  to  difftise  nickel  plate  into  titanium  gears: 

1.  Plated  gears  are  cleaned  with  Gibson  cleaner  and  water  to  remove  any  possible 
contamination  on  the  gears. 

2.  Gears  and  plated  control  tab  specimen  of  material  similar  to  the  gears  are  placed 
in  the  vacuum  furnace,  and  thermocouples  are  placed  against  the  gears. 

3.  Furnace  is  heated  to  1000°  F  at  a  rate  of  20°  F  per  min  and  is  held  there  until  the 
gears  are  at  this  temperature  for  2  hr. 

4.  The  temperature  is  then  increased  to  1550°  F  ±  10°  F  at  a  rate  of  13°  F  per  min 
and  is  held  at  this  temperature  for  1  hr. 

5.  The  furnace  is  then  turned  off;  the  gears  are  allowed  to  cool  in  vacuum  to  room 
temperature  and  then  are  removed  from  the  furnace.. 

-4  -7 

Note:  Vacuum  in  the  furnace  is  maintained  between  10  and  10  torr. 
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This  document  is  subject  to  special  export  controls,  and  each  transmittal  to 
foreign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval 
of  US  Army  Aviation  Materiel  Laboratories,  Fort  Eustis,  Virginia  23604. 


II.  SPONOOaiNO  MILITARY  ACTIVITY 


U.  S.  Army  Aviation  Materiel  Laboratories 
Fort  Eustis,  Virginia 


TTie  purpose  of  this  program  was  to  establish  a  sound  technical  foundation  for  the  inclusion  of 
lightweight  titanium  barrels,  titanium  power  gearing,  and  composite  boron-aluminum  spar 
blades  in  an  advanced  (1970-1975)  V/STOL  propeller  system. 

Several  new  titanium  barrel  concepts  were  designed  and  analyzed.  This  study  has  led  to  the 
recommendation  of  a  titanium  barrel  with  a  spherical  hub  structure  for  subsequent  fabrication 
and  development  testing. 

Endurance  testing  of  titanium  gears  was  performed  which  indicated  that  Improved  wear  coatings 
would  be  required  in  order  to  demonstrate  a  significant  weight  saving  potential  over  1975  steel 
gearing.  However,  the  diffused  nickel  coating  would  permit  significant  weight  reductions  over 
current  steel  power  gearing. 

Titanium  gears  were  also  coated  and  evaluated  under  this  program  using  an  ion-sputtering  coatix 
technique.  Limited  testing  of  such  gears  resulted  in  early  scuffing  and  wear  of  the  coating;  how¬ 
ever,  the  basic  coating  is  sound  and  processing  refinements  have  been  defined  that  Indicate 
potential  for  sputtered-coated  titanium  gears. 


The  fabrication  and  testing  of  boron-aluminum  composite  blade  retention  specimens  proved  to  be 
successful  and  have  provided  a  sound  basis  for  the  fabrication  and  development  testing  of 
full-scale  propeller  blades. 
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